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MECHANISTIC INSIGHT INTO SUBUNIT STOICHIOMETRY FOR KIR
CHANNEL GATING: LIGAND BINDING, GATING, BINDING-GATING
COUPLING, COORDINATION, AND COOPERATIVITY
by
RUNPING WANG
Under the Direction of Chun Jiang
ABSTRACT

Ligand-gated ion channels couple intra- and extracellular chemical signals to
cellular excitability. In response to a specific ligand, these channels change their
permeability to certain ions by opening or closing their ion conductive pathway, a
controlling mechanism known as channel gating. Although recent studies with X-ray
crystallography and site-directed mutagenesis have revealed several structures potentially
important for channel gating, the gating mechanism is still elusive. Ligand-dependent
channel gating involves a series of transient events and asymmetric movements of
individual subunits. Understanding of these events appears to be a challenge to current
approaches in gating studies by using the homomeric wild-type or mutant channels. I
therefore took an alternative approach by constructing heteromeric channels. Subunit
stoichiometric studies of the Kir1.1 channel showed that a minimum of one functional
subunit was required for the pH-dependent gating of the channel. Four subunits in this
channel were coordinated as dynamic functional dimers. In Kir6.2 channel, stoichiometry
for proton-binding was almost identical to that for channel gating in the M2 helix,

suggesting a one-to-one direct coupling of proton binding in C-terminus to channel gating
in M2 helix. Positive cooperativity was suggested among subunits in both the proton
binding and channel gating. Ligand binding can be differentiated from channel gating by
studying the ATP-dependent gating of Kir6.2 channel. Disruptions in ATP binding were
found to change both the potency and efficacy of the concentration-dependent curves,
while the baseline activity instead of maximum inhibition was affected by disruptions of
channel gating. Four subunits in the Kir6.2 channel undergo negative cooperativity in
ATP binding and positive cooperativity in channel gating. The ligand binding was
coupled to the gating mechanism in the same subunit and neighboring subunits, although
the intrasubunit coupling was more effective. These results are well described with the
operational model which we have applied to ion channel studies for the first time. By
manipulating the relative distance and the interaction of two transmembrane helices, the
inner helix bundle of crossing was found to not only serve as a gate but also determine
the consequence of ligand binding.

INDEX WORDS: ion channel, subunit Stoichiometry, ligand binding, channel gating,
binding-gating coupling, subunit coordination, subunit cooperativity, Kir1.1, Kir6.2, pH
dependent gating, ATP dependent gating.
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E. SPECIFIC AIMS AND HYPOTHESES
Membrane excitability is the foundation of a variety of cellular functions. Ligandgated ion channels couple intra- and extracellular chemical signals to cellular excitability.
They play a crucial role in cell-cell communication and cellular responses to changes in
the internal and external environment. In response to a specific ligand, ion channels are
open or closed allowing certain ionic species to pass through. The change in channel
opening or closure states refers to gating. Although the gating mechanism is still
incompletely known, recent crystallographic studies have remarkably improved our
understanding. A study on the bacterial MthK channel has shown that eight Ca2+-binding
domains form a four-fold symmetric gating ring in the cytosol. Ligand binding to which
causes conformational changes in the channel protein, producing a lateral extension force
which expands the gating ring and removes the physical barrier of the ion conduction
pore (Kuo et al., 2003). Studies on the mechanosensitive (MscL) channel have indicated
that the transmembrane helices tilt in response to mechanical stretch of the plasma
membrane producing an iris like movement, expanding the channel pore and opening the
ion permeable pathway (Betanzos et al., 2002). The pentameric nicotinic acetylcholine
receptor has two rings of hydrophobic side chains projecting to the pore. The pore-lining
helices undergo a clockwise rotation after ligand binding, widening these rings, and
opening the pore (Unwin, 1995). Despite of the progress in understanding of channel
gating, a number of questions remain open. For instance, gating is a dynamic process
while the crystallographic studies allow a resolution of only the open or closed state.
How can all transient events from ligand binding to channel gating be illustrated? The
time course is not the only problem, as channel gating also involves asymmetric
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movements of individual subunits in a multimeric channel. It is a challenge to have a
large number of asymmetric channels crystallized and studied with today’s technology. In
addition, there are many other open questions as to what the minimum requirement of
functional subunits is for the channel gating; how subunits are coordinated for ligand
binding and channel gating; whether there is cooperativity among subunits; and what
determines the opening or closure of a channel following binding to a given ligand. Since
none of these questions can be addressed with homomeric channels, I proposed studies
based on a rather cost-efficient approach, which were specifically aimed at answering
the above questions. The following hypotheses were tested:
E-I. Disruption of a given number of subunits in a tetrameric channel can reveal
events in proton-dependent Kir1.1 channel gating, such as the minimum
number of subunits required, dominant-negative effects, subunit coordination,
substate conductance, and other single channel biophysical properties.
E-II. Kir6.2 channel gating by intracellular protons involves one-to-one coupling of
ligand binding to channel gating.
E-III. There are specific subunit stoichiometries for ATP binding, channel gating,
and binding gating couplings in the Kir6.2 channel:
E-IV. ATP binding and channel gating behave differently in the Kir6.2 channel.
E-V. Ligand binding is coupled to channel gating in the same and adjacent
subunits.
E-VI. There are special subunit coordination and cooperativity among subunits.
E-VII. The interaction and relative positions of the inner helices determine the
consequence of ligand binding.

3

F. BACKGROUND
Ion channels are protein pores in plasma membranes that are permeable to
specific ions. They are the molecular basis for the electrical signals in nerve, muscle, and
a wide range of other cells and tissues. Channels located in these cells and tissues detect
changes in the external and internal environment. By opening and closing the channel
pores according to environmental changes, many types of channels work together to
generate and modify the electrical signals and responses of excitable cells.
Ion channels are encoded by at least 429 genes (Li, www.molecularinteraction.org). The

number of channels will be much greater than the number of genes because of alternative
splicing, protein modification, and numerous combinations of heteromeric channels.
These channels belong to different subfamilies. Each subfamily can be named according
to their selectivity to ions, such as K+ channel, Na+ channel, Ca2+ channel, Cl- channel,
non-selective cation channel, and anion channel. Subfamilies can also be differentiated
depending on their gating mechanisms, for instance ligand-gated, voltage-gated, and
stretch-activated channels. Ligand-gated ion channels couple the intra- and extracelluar
signals to cellular excitability. Extracellular ligand-gated channels are mainly composed
of ionotropic receptors. Intracellular ligand gated channels include cyclic nucleotidegated (CNG) channels, Ca2+-activated channels, G-protein gated channels, ATP-sensitive
K+ channels, and inward rectification K+ channels.
Ion channels play important roles in cell and tissue functions. Dysfunctions of ion
channels therefore are some of the major causes of diseases. The structural-functional
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relationship studies provide important information for the understanding of mechanisms
underlying certain diseases and contribute to the therapeutical approach to these diseases.

F-I.

Function and regulatory mechanisms of ligand-gated ion channels
F-I-1. Historical review

Studies of channels can be traced back to late 18th

century. In 1791, Luigi Galvani firstly found that electrical stimulation of frog sciatic
nerve caused contraction of the gastronomic muscle. By the 1880s, physiologists had
already known that ions were critical for the excitability of nerves and muscles. Sidney
Ringer pointed out that the heart needed perfusate containing precise proportion of Na+
and K+ to beat. Hermann von Helmholtz pioneered shows action potential propagation.
He measured the speed of frog nerve impulses in 1872 and was the first one to observe
changes and propagation of electrical impulse in nerves (Hille, 2001). Walther Nernst
(1888) noticed that a membrane potential changed during diffusion of electrolytes, and
described the phenomenon with mathematics later known as the Nernst equation for
membrane potential (Hille, 2001). His work inspired numerous speculations about the
origin and mechanism of membrane and excitation potentials. In 1902 and 1912, Julius
Bernstein correctly proposed that membranes of excitable cells were permeable to K+ at
rest and their permeability to other ions increased during excitation (Hille, 2001).
Without knowing the nature of the molecules involved, pioneer studies tried to explain
the dynamic and equilibrium properties of action potentials with equations and models of
classic biophysics. The first observation of the involvement of ions in action potentials
was done by Cole and Crutis using the voltage-clamp technique invented by themselves
(1939). A major breakthrough in ion channel studies occurred in early 1950s when Alan
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Lloyd Hodgkin and Andrew Fielding Huxley performed their famous voltage clamp
studies and described for the first time that resting membrane potential was produced by
K+ currents and action potentials result from a sequential activation of Na+ and K+
currents (Hodgkin and Huxley, 1952). They proposed that since these currents were
produced by their selective permeability of plasma membranes, they were probably
conducted through membrane ion channels.
The understanding of ion channels was rather phenomenal and conceptual until
the mid-1970s when Erwin Neher and Bert Sakmann developed the patch-clamp
technique (Hamill, et al., 1981). With patch clamp, they showed for the first time what
ion channels are and how they work in conducting ionic currents. Subsequently, they
developed a new way to describe channel kinetics with their colleagues, establishing a
remarkable technique that remains today as the most sensitive bioassay for functional
studies of channels molecules. The resolution of patch clamp brought attention of
scientists to single molecules. Meanwhile, developments in protein chemistry and
molecular biology made it possible to understand ion channels at molecular levels. In
1982, Numa and his colleagues successfully cloned the nicotinic acetylcholine receptor
from the electric marine ray Torpedo (Noda et al., 1982). They first purified the channel
protein and determined part of its amino acid (AA) sequence. This sequence was then
used to design a series of probes to screen the cDNA library to obtain the correct clone
(Noda et al., 1982). Using the same approach, his group later cloned the voltage-gated
Na+ channel from the electric eel (Noda et al., 1984) and L-type Ca2+ channel (Mikami et
al, 1989). A number of ion channels were cloned by other groups in the same way
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(Papazian et al., 1987; Kubo et al., 1993; Kohler et al., 1996). Molecular cloning has
greatly improved our understanding of ion channels. The studies on ion channels became
interdisciplinary involving biophysics, pharmacology, protein chemistry, molecular and
medical genetics, and cell biology. More than 429 genes encoding different subunits of
ion channel proteins have been revealed in the Human Genome Projects. It is now known
that these genes are translated and combined to form a large number of ion channels
belong to a number of subfamilies. The AA sequences of these ion channels have been
known and their critical domains have been identified. Many three dimensional structures
were resolved by X-ray crystallography. The first description of channel structure by
Mackinnon’s group in 1998 opened a new chapter for studies of ion channel (Doyle et al.,
1998). Studies on structure-function relationships further extended the understanding of
and therapeutical approach to diseases.

F-I-2. Role of ligand gated channels in cellular function

Ligand-gated

channels couple intra- and extracellular chemical signals to cellular excitability. They are
found in plasma membranes of all eukaryotic and prokaryotic cells, and play important
roles in nerve and muscle excitation, hormonal secretion, learning and memory, cell
proliferation, sensory transduction, control of salt and water balances, regulation of blood
pressure (Ashcroft, 2000). The extracellular-ligand gated channels mostly refer to
ionotropic receptors for neurotransmitters and hydrophilic hormones such as nicotinic
receptors, 5-HT3 receptors, glycine receptors, GABAA and GABAC receptors, glutamate
receptors. These receptors are responsible for communication between neurons and
effector cells and between neurons themselves. Dysfunction of these channels causes a
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wide range of neuronal, muscular, and developmental diseases (Lester, 2004; Connolly,
2004).
Intracellular-ligand gated channels are those that can be regulated by intracellular
messengers or chemical signals. For example, CNG channels play a central role in
olfaction, taste, and visual transduction. These CNG channels are permeable to cations
after the ion pathway is opened. CNG channel activation following the increase of cyclic
nucleotide levels after the detection of odorants leads to depolarization of olfactory
sensory cells, activation of neuronal pathways, and central reception (Nakamura and
Gold, 1987). CNG channel knock-out mice lose their response to odorants (Brunet et al.,
1996).
Ca2+-activated K+ channels (KCa) are activated by an increase in intracellular Ca2+
concentration. They play a key role in shaping action potentials and regulating cellular
excitability. They are also involved in K+ secretion in some epithelium cells. Three types
of KCa channels are identified according to their conductance. Large conductance KCa
(100-250pS) channels (BK) are found in all kinds of cells except the heart. They
contribute to action potential repolarization and play important roles in controlling
neuronal excitability, transmitter release, and regulation of smooth muscle excitability.
These channels are voltage-sensitive and can be opened by depolarization. Small
conductance KCa (SK) channels (5-20pS) are found in the brain, heart, adrenal gland, and
skeleton muscle. These channels are insensitive to voltage (Aschroft 2000). Defects in
these channels have been correlated with myotonic muscular dystrophy (Renaud et al.,
1986; Behrens et al, 1994). Intermediate conductance (20-80pS) KCa (IK) channels are
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densely expressed in vascular smooth muscle but not in brain. They play a role in
regulating the excitability of vascular smooth muscles (Neylon et al., 1999).
Intracellular ligand-gated Ca2+ channels include two major classes: ryanodine
receptors (RyR) and inositol 1, 4, 5-triphosphate (IP3) receptors. Both of these receptors
are located in the membrane of many organelles including sarcoplasmic reticulum (SR) in
striated muscles and endoplasmic reticulum (ER) in other cells. RyR1 and RyR2 are
responsible for Ca2+ release from intracellular stores, and play an important role in
muscle contraction and cell signaling. IP3 receptors are activated by the second
messenger IP3 mediating the effect of hormones, neurotransmitters, and growth factors
(Berridge, 1993). The channel is important in smooth muscle contraction, olfactory
desensitization, synaptic transmission, and hormone secretion. They are also involved in
the regulation of cell growth and division.
Inward rectification K+ (Kir) channels form another large family of ion channels
that are found in neurons, cardiac muscles, skeleton muscles, pancreatic β cells, and
retina. All members of this family are characterized by their property of inward
rectification. It is so called because the inward current evoked by hyperpolarization is
bigger than the outward current produced by depolarization. These channels have two
major functions. They stabilize resting membrane potentials near the K+ equilibrium
potential and mediate K+ transportation (Nichols and Lopatin, 1997). Dysfunction or misregulation of Kir channels leads to neuronal degeneration, defects in renal salt
reabsorption, and insulin secretion, etc. (Ashcroft, 2000). G-protein activated inward
rectifier K+ (GIRK) channels are crucial for coupling activation of metabotropic receptors
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to electrical activity of cells, playing a role in neurotransmission and other cell-cell
communications (Lei et al., 2003). ATP-sensitive K+ (KATP) channels play important
roles in insulin secretion and vascular smooth muscle contraction. KATP channel knockout
mice develop diabetes-like phenotypes (Seino, 1999). A number of Kir channels are
inhibited directly by protons, such as Kir1.1, Kir2.3, Kir4.1 and heteromeric Kir4.1 plus
Kir5.1. These channels may protect the cells from injury during hypoxia (Jiang, 2002a).

F-I-3. Regulatory mechanisms of ligand-gated ion channels

The activity

of ligand-gated ion channels is regulated by specific ligands. For extracellular ligandgated ion channels, ligands are often neurotransmitters released by presynaptic neurons or
other signal molecules such as ATP and hormones. In the absence of an agonist,
extracellular ligand-gated channels normally have a very low open probability. Following
binding of a specific ligand, the likelihood of channel opening increases, allowing certain
ions to pass through the channel. The responses of the extracellular ligand-gated channels
also depend on other regulatory mechanisms such as protein phosphorylation and
dephosphorylation. The activity of protein kinases and protein phosphotases is regulated
by second messengers such as Ca2+, cyclic adenosine monophosphate (cAMP), cyclic
guanosine monophosphate (cGMP), diacylglycerol (DAG), inositol 1, 4, 5-triphosphate
(IP3), PIP2, and others. Phosphorylation and dephosphorylation of the channels therefore
shape the electrical potential induced by those ligands depending on the cell’s prioexperience, which is critical for the long-term potentiation and depression (LTP and
LTD) underlying the learning and memory (Aschroft, 2000).
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Intracellular ligand gated channels are mainly regulated by intracellular
messengers and intermediary metabolites. Each channel has its specific ligand such as
cyclic nucleotides for the CNG channel, ATP for the KATP channel, G-proteins for the
GIK channel, protons for the ROMK channel, and Ca2+ for the MthK channel. They have
regulatory mechanisms similar to those of extracellular ligand-gated channels.
Phosphorylation by PKA, PKC, and protein kinase G (PKG) can augment or reduce
channel activity. Protons have been found to play a role in the activity of a variety of
channels. Phospholipids such as PIP2, phosphatidylinositol 3,4,5 triphosphate (PIP3), and
long-chain acytyl–CoA are general regulators of intracellular ligand-gated ion channels
(Hilgemann et al., 2001). These membrane lipid molecules have been found to play a key
role in channel activation and prevention of channel rundown. They may work on the
open gate to set a range for open probability. These molecules may control channel
sensitivity to other messengers by allosteric regulation (Du et al., 2004,). In addition,
most intracellular ligand-gated ion channels are regulated by multiple compounds besides
their specific ligands.

F-II.

Current understanding of ligand channel interaction and gating mechanisms
F-II-1. Protein structures

Channels allow certain ions to pass through the

plasma membrane along their electrochemical gradients. To fulfill this function, an ion
channel must have a conductive pathway that is selective to certain ion species, and a
mechanism to control the opening and closure of the ion-conduction pathway.
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Protein structure of most extracellular ligand-gated channels is not resolved
except the Cys-loop superfamily that includes nicotinic Ach receptors, 5-HT3 receptors,
GABAA and GABAC receptors, and glycine receptors. These receptors consist of four
transmembrane domains with both N- and C-termini located on the extracellular side.
The ligand binding domain is in the N-terminus. The hair-pin loop formed by a disulfide
bond between two cysteine residues in the N-terminus is the signature structure of this
superfamily which is important for ligand binding. Channels in this superfamily share
similar secondary and tertiary structures in their extracellular domains, although their
primary structures show limited homology (Deane and Lummis; 2001, Jin et al., 2004).
Five TM2 transmembrane helices form the pentameric ion permeable pore in the
membrane. The TM2 helices bend outward, so both anions and cations appear to be able
to access the outer end of the pore (Akabas et al., 1992). The ion charge selectivity of the
channel is determined by the intracellular end of the TM2 region extending to the TM1TM2 cytoplasm loop (Wilson et al., 2001). A second barrier to ion flow is formed by the
intracellular loop between the third and fourth transmembrane domains (TM3-TM4).
Five loops form a cytoplasmic vestibule, and charged residues that line this tunnel
determine which kinds of ions can be transported efficiently (Miyazawa et al., 1999). In
the Cys-loop superfamily of ligand-gated ion channels, ligand binding to the interface of
the extracellular ligand binding domains causes an asymmetric structural change within
the extracellular domains and distal region. During channel opening, the five subunits,
however, undergo a gating movement at the same time. How the asymmetrical binding is
transferred to the symmetrical gating is not clear.
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A

B

Fig. F-1. Crystal structure of the KirBac1.1 channel (A, Kuo et al., 2003) and the phylogenetic
tree of mammalian Kir channel family (B). The KirBac1.1 channel is composed of four identical
subunits with each of the subunit possessing intracellular N- and C- termini, transmembrane TM1
and TM2 helices and a pore loop. The ion permeable pathway formed by the interface of four
subunits can be divided into five parts: the selectivity filter, central cavity, gate, flexible linker,
and cytoplasmic vestibule. Sequence alignment of this channel with mammalian Kir channels
shows high similarity.
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The knowledge about intracellular ligand-gated channels is obtained mostly from
bacterial K+ channels. A view of the channel structure in different states can be obtained
by comparing the K+ channel from Streptomyces lividans (KcsA), bacterial inward
rectifier potassium channel 1.1 (KirBac1.1), and MthK structures (Roux and Mackinnon,
1999; Jiang et al., 2002b; Kuo et al., 2003). These channels have two transmembrane
domains linked by a pore loop. The short N-terminus and the long C-terminus located in
the cytoplasm comprise two thirds of the entire AA sequence. The ligand binding sites
are located at the C-terminus for most intracellular ligand-gated ion channels. The
membrane regions of the channels are composed of all α-helices, and the intracellular
domains consist of mostly β-sheets. Structurally, these channels can be divided into five
parts: the selectivity filter, central cavity, gate, flexible linker, and cytoplasmic vestibule
(Fig. F-1A). The selectivity filter is formed by four pore loops from the tetrameric
channel, which determines the ion selectivity. The filter is so perfectly arranged that the
K+ channel allows the flow of only 1.33Å K+ ions but not 0.95 Å Na+ ions. The central
cavity is the widest part of the pore region. The diameter of the cavity is ~10 Å in the
closed state and can hold 20 water molecules. It is enlarged and can hold 27 water
molecules in its open state. The greatest changes in the channel gating process come from
the bundle-crossing region where the gate is likely to be located. The diameter of this
region can vary from 3.5 Å to 12 Å during channel opening. A ring of hydrophobic
residue, i.e., phenylalanine, restricts the pore size in its closed state and is thus acts as the
activation gate. The linker region between the transmembrane domain and cytosolic
domain is known to be flexible in the KirBac1.1 channel, although it is not resolved in
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the MthK channel. Therefore it is unknown what its conformation would be during
gating. The eight ligand binding domains of the MthK channel form a four-fold
symmetric vestibule in the cytoplasm which is called the gating ring. The gating ring is
~20 Å after Ca2+ binding and provides a wide path for ions to flow through the pore. A
comparison of the structure in open and closed states shows that gating of these channels
includes changes in the selectivity filter, pore helices, central cavity volume, and gate.

F-II-2. Structure-function Characteristics Two characteristics of ion channels
are ion-selective permeability and event-dependent gating. Ion selectivity is known to be
mediated by the selectivity filter, while the gating mechanism is less clear. Most ion
channels are composed of multiple subunits or multiple repeats from a single subunit.
The interface among subunits or internal repeats lines the ion conductive pathway. Ionic
flow through the pathway is controlled by two mechanisms: the selectivity filter located
at the extracellular entrance of the channel, and the inner gate that controls the opening
and closure of the ion permeable pathway, although the location of the gate is still under
debate.
The ion selectivity filter determines which ions can pass through. All channels
discriminate one or a few ions against others. The electrical signals and ion gradient
cannot be generated without such discrimination. The mechanism for ion selectivity is
much more complicated than ion radius, since the K+ channels do not allow the flow of
Na+ ions although Na+ is smaller than K+. Based on the understanding of K+ channels, the
main chain carbonyl oxygen atoms of conserved AA in all K+ channels, i.e., TXGYG or
TXGFG (the signature AA sequence of K+ channels), form the selectivity filter. The
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bulky residue is critical for structural stability of the filter by packing against the aromatic
residues in the pore loop, preventing it from collapse. The glycine provides rotational
flexibility for the filter and allows all the carbonyl groups of the signature sequence to
face toward the ion pathway. In an aquatic medium, K+ exists as a complex with six to
eight water molecules when they approach the selectivity filter. The positive charge of
the K+ ion attracts the negative end of the water molecules. The water molecules provide
energy stability of the K+, while together they cannot move through the selectivity filter.
To solve the problem, a strategy is developed in ion channels to separate K+ from water
by creating an environment similar to aquatic media. The oxygen atoms of backbone
carbonyl groups in the highly conserved Val-Gly-Tyr-Gly sequence point toward the
center of the ion pathway. With 16 oxygen atoms from four subunits, the selectivity filter
forms three K+ cages with each of them having eight oxygen atoms that resemble water
molecules surrounding a K+. The dehydrated K+ therefore can be easily transferred into
the ion pathway with little or no energy barrier. This creates a mechanical bias against
other ions because these carbonyl oxygen atoms are perfectly positioned for K+ ions, but
are too far or too close for other ions that are smaller or bigger (Mackinnon, 2004).
After passing the selectivity filter, the conduction of ions is controlled by the
gating mechanism. The gating movement for different channels varies, although all
channels share the same strategy by modifying the diameter of the ion conductive
pathway. The pore lining helices move toward the center axis during channel closure.
When they are close enough, the pore is blocked leading to channel closure, and vice
versa for channel opening. During channel closure, accession of ions to the pore is
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occluded by hydrophobic interactions of pore-lining residues. In the MscL channels and
the nicotinic ACh receptor, two rings of hydrophobic side chains take part in the action
(Perozo et al., 2001; Miyazawa et al., 2003). In KirBac1.1 and KATP channels, this gate
may be formed by four phenylalanine residues from four subunits, referring to activation
gate. This bulky residue in the KATP channel not only restricts the passage of the K+ ions
but also lowers the energy for the transition of the channel between open and closed
states by preventing interaction of a series of hydrophobic residues surrounding Phe168
(Rojas et al. AJP in submission). Each type of channel exhibits different major
movements during gating transition, and in all case the transmembrane helices move as
rigid bodies. During channel gating, the pore lining TM1 helices of MscL channel are
tilted from ~30º to ~70 º with respect to the central axis. The TM1 helices are widened
from the central axis by an iris-like movement that changes the pore size from 2 Å to 35
Å. The channel conductance becomes ~2.5 nS when the channel is open (Cruickshank et
al., 1997; Chang et al., 1998; Sukharev et al., 2001; Perozo et al., 2002). The pore lining
TM2 helices of the ACh receptor undergo a ~15º clockwise rotation during channel
opening (Unwin, 2003). A view into the gating movement of the two transmembrane
domain-K+ channels is obtained by comparing the crystal structure of the KirBac1.1 and
MthK channel. A glycine in the inner helices serves as a hinge after the selectivity filter.
The inner helices bend at the hinge after ligand binding and remove the hydrophobic gate
from the ion permeable pathway (Jiang et al., 2002b; Kuo et al., 2003). It is possible that
the inner helices also experience a rotational as well as translational movement during the
gating process (Perozo et al., 1999).
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F-II-3. Ligand binding domains

The ligand binding domain constitutes a

large part of the entire AA sequence of channels. In extracellular ligand-gated channels,
ligand binding takes place at the N-terminus, for which the structure is best understood in
the nicotinic Ach receptor (Sixma and Smit, 2003). Based on the crystal structure, the
five subunits of the pentameric nicotinic Ach receptor assemble as a channel with αγαδβ
subunits being arranged in a counterclockwise order. The extracellular ligand binding
domain has been observed to form a doughnut-like structure with a radius of ~80 Å and
height of 62 Å. The residues forming two Ach binding pockets have been revealed by
mutagenesis and substitute cysteine accessibility method to be located at the interface of
the α subunits and the neighboring γ or δ subunits. For each of the binding pocket, three
loops (loop A-C) from the α subunit provide the principle binding sites and the
neighboring subunits contribute another three loops (loop D-E). All these loops form a
single pocket at the interface to hold the ligand. The aromatic residues from loop A to D
line the pocket and the hydrophobic residues in loop E cover the pocket like a lid. Both
ligand binding pockets are located toward the outside of the pentameric channel. The
aromatic ligand cage has been suggested to contract after ligand binding. The β-sheets of
the α subunits move with respect to each other to cause a conformational change. This
conformational change propagates along the ligand binding domain like a wave with the
change being largest at the ligand binding site and becoming gradually smaller during its
propagation toward the gate. The movements of the non-ligand binding subunits are not
clear, but they appear to be asymmetric. The structure of other extracellular ligand-gated
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channels is less clear, but the tertiary structure of the binding domain is conserved even
though their primary sequences show low similarity.
The binding domain for the intracellular ligand gated channels has been well
studied in the prokaryotic cyclic nucleotide regulated K+ channel (Clayton et al., 2004).
This channel consists of six transmembrane domains with the C-terminus immediately
after the last transmembrane region forming the cyclic nucleotide binding (CNB) domain.
The CNB domain was crystallized in the presence and absence of ligands. The structure
of CNB pocket is conserved, and includes a wide antiparallel β roll topped by three
interacting helices. They are two C-linker helices αA’ and αA and the C-terminal tail helix
αB. The mouth of the nucleotide cavity is large, and it is covered by the αC helix from the
C-terminal tail as a lid. Ligand binding is therefore stabilized by the lid. Interestingly, the
two C-linker helices interact with the same region from different subunits by their
hydrophobic residues and tend to dimerize the subunits. Without ligand binding, the
structure of β rolls does not show any changes, while rearrangement of the helices
following ligand binding has been revealed by the crystal structures. The αC helix moves
away from the mouth of the nucleotide cavity, and the C-terminal end of the αB helix
swings away from the β roll. The rearrangement also causes changes in the dimer
interface and tetramers have been shown in the protein migration with ligand binding. As
a result, the conformational change of all ligand binding domains may lead to an
enlargement of the intracellular vestibule of the ion permeable pathway, similar to the
MthK channel (Jiang, et al., 2002b).
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F-II-4. Putative gates

Ion flow through the channel is controlled by

opening and closure of the pore. Based on the crystal structure of the KirBac1.1 channel,
four strategies have been developed to restrict the conduction of ions. First, the ion is
occluded from the permeable pathway by reduction of the activation gate (Kuo et al.,
2003). Four hydrophobic residues, e.g., phenylalanine, move close enough to reduce the
pore size to less than 4 Å, which shuts off the channel and prevents the passage of any
ions. This hydrophobic gate has been widely identified in a variety of ion channels and is
believed to be the major gating mechanism underlying the regulation by ligands and other
signal molecules. Second, occlusion of the ion conduction pathway leads to a decrease in
the volume of the central cavity, the largest water-filling part after the selectivity filter in
the channel pore (Roux and Mackinnon, 1999). Ions are destabilized by reducing the
number of water molecules during channel closure impeding the conduction of ions
through the channel. Third, the pore helices of channels have been found to undergo
rotational movement during the transition between channel open and closed states, which
causes the misalignment of the pore helices and is unfavorable to ion passage (Kuo et al.,
2003). Finally, evidence for the effect of misalignment in the pore helices on ion passage
has been found in the selectivity filter (Liu and Siegelbaum, 2000; Kuo et al., 2003). The
filter is such a delicate device whose geometric dimension and special AA residues
determine what ions can pass through. A slight conformational change will affect the ion
conduction pathway. Studies on other channels indicate that the selectivity filter may also
serve as a second gate for the channel gating.
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The potential role of the filter as a gating mechanism was first raised by studies of
the voltage-gated K+ channel (Kv). The selectivity filter in this channel has been
suggested to be involved in the C-type inactivation (Lopez-Barneo et al., 1993). Further
supporting evidence is found from the CNG, in which the selectivity filter changes its
structure by rotating the pore helices by 100º to 180º during gating (Sun et al., 1996; Liu
and Siegelbaum, 2000). Using the substituted-cysteine accessibility screening method,
three of the pore helix residues are found to be only accessible to hydrophilic sulfhydrylreactive methanethiosulfonate (MTS) reagent in the closed state, while one residue
located at the opposite side of the pore helix is only accessible in the open state (Liu and
Siegelbaum, 2000). A similar phenomenon has been found for the Kir6.2 channel
modulation by Ba2+ (Proks et al., 2003). Ba2+ can still access its binding site at the
selectivity filter when the channel is shut off. These studies can not be used as evidence
against an inner gate, since the effect may result from the MTS regent or Ba2+ that is
trapped in the inner cavity when the channel is closed. Further studies in the Kir channel
indicate that gating of KATP channels includes multiple-components (Trapp et al., 1998b;
Tucker et al., 1998; Loussouarn et al., 2000). Without a modulator, the channel
undergoes spontaneous bursting separated by long closure states. Flickering activities
characterized by rapid opening and closure are seen during the bursting. The transition
between bursting and long closure refers to slow gate, and is regulated by ligands such as
ATP, MgADP, and sulphonylureas (Alekseev et al., 1998; Trapp et al., 1998b). This gate
is located at the inner mouth of the channel pore. The intraburst flickering activities are
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controlled by fast gate which is affect by the voltage and extracellular K+ ions, indicating
a close correlation to the selectivity filter.
The gate in the extracellular ligand-gated channel is poorly studied. It is located
below the filter in those channels that belong to the cys-loop superfamily, since both
anions and cations can access the filter (Reeves et al., 2001). The role of the selectivity
filter in channel gating is not known. Two rings of hydrophobic residues serve as gates in
the nicotinic ACh receptor, which move toward the center of the channel pore during
channel closure. The inner vestibule formed by the TM3 and TM4 loop may potentially
serve as another gate. The length of this loop varies in different channels (Connolly and
Wafford, 2004).

F-II-5. Events in channel gating

In ligand-gated ion channels, the channel

gating process starts with the binding of the ligand to its specific binding domain in the
channel protein. In the MthK channel, eight ligand binding domains form the gating ring,
which is enlarged after the Ca2+ binding. Ligand binding produces a lateral extension
force to stretch open the ion permeable pathway (Jiang et al., 2002b). The gating is much
more complex if the data obtained by other studies are considered. The formation of the
ligand-channel complex causes a conformational change in the ligand binding domain.
This signal is then transferred or coupled through a series of conformational changes and
eventually causes the channel gating movement in the inner mouth of the pore. A number
of events occur during signal transduction and coupling. According to the crystal
structure of the KirBac1.1 channel, not only the C-terminus but also the N-terminus
experiences movement during gating. The helix of the N-terminus moves laterally, and
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the outer helix follows moving away from the central axis, making room for the inner
helix to bend (Kuo et al., 2003). What causes these movements is unknown. The
interaction of the slide helix with a conserved Arg at the end of the inner helix may make
a contribution. Interaction between the N- and C-termini has also been demonstrated in a
number of channels with different domains (Tucker and Ashcroft, 1999; Qu et al., 2000;
Lin et al., 2003). Properties of these interactions have not been studied. It is supposed to
be a dynamic event since the gating itself requires a fast, transient, and reversible
transition between the opening and closure states.
Most channels are composed of multiple subunits. The gating transition is
speeded up by this design, since subtle conformational changes in each subunit cause
large alterations in the pore located at their interface, and the process can be easily
reversed (Doyle, 2004). Multimeric channels with the pore located at the center have
their advantages over monomeric proteins, e.g., transporters, but they also have problems.
Coordination and cooperation are necessary for the movement of multiple subunits.
Coordination may be critical especially for heteromeric channels since gating requires
movement of all subunits at the pore region, while not every subunit carries a ligand
binding site (Unwin, 1995). Synchronization of subunit movements during channel gating
therefore requires subunit coordination. For some channels, the gating transition of
individual subunits is not independent (Niu and Magleby, 2002; Drain et al., 2004). The
activation of neighboring subunits may make the transition easier or more difficult, which
refers to subunit cooperativity. Also it is likely that not all subunits are required to
activate the channel gating. Subunit coordination and cooperativity may allow the
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channel to be activated even though one or more subunits have defects. These transient
events in binding-gating coupling are largely unknown. Even the differentiation of ligand
binding from channel gating is not clear.

F-II-6. Functional subunit requirement for channel gating

Because

ion

channels are encoded by genes on two alleles in the chromosome, mutations on these
genes cause defects in these channels in various degrees. Mutations can cause defect in
gene expression. For some of these mutations, heterozygote carrying mutant gene on one
allele in the chromosome is enough to cause channel dysfunction, which refers to
dominant trait. However, not all of the mutations have such an effect. For some channels,
the protein expressed by one allele is enough to maintain normal function. Therefore
subjects carrying the mutations on one allele of channel genes do not show the disease
phenotype, referring to the recessive trait (Srivastava et al., 1999). For most mutations in
ion channels, both alleles can be expressed in heterozygous individual, which is known as
incomplete dominant or codominant trait and allows expression of channels in different
combinations of mutant and wild-type subunits (Markworth, 2000). Certain gene
mutations take place in protein domains that are so crucial that one subunit carrying the
mutation is enough to silence an entire multimeric channel, known as dominant-negative
effect. For instance, mutations at the selectivity filter region can completely eliminate the
ion flow, which has been widely used in channel knockouts. One type of Bartter’s
syndrome found in humans is produced by dominant negative mutations in the Kir1.1
channel (Kunzelmann et al., 2000). In some other channels, patients carrying heteromeric
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channel show weak or normal phenotype, producing partial or even full functional
channels when one or more subunits are defective.
Functional channels with partial gating machineries in certain subunits are also
found in the heteromeric channels. Heteromeric channels consist of asymmetric subunits.
For the extracellular ligand gated ACh receptors, ligand binding sites are only located at
the interface of α subunits with γ or δ subunits. However, the channel pore undergoes
symmetric movement after ligand binding. The subunit that is free of ligand binding is
activated by unknown mechanisms (Sixma and Smit, 2003). A similar phenomenon is
also seen in intracellular ligand-gated heteromeric channels (Xu et al., 2000b; Pessia et
al., 2001). Heteromeric Kir4.1 and Kir5.1 channels are inhibited by intracellular
acidification. The pH sensitivity of the heteromer depends on a lysine residue located at
the conjunction part of the N and C termini of the Kir4.1 subunits. Mutation of the Lys67
to a methionine eliminates the pH sensitivity of the heteromeric channel (Xu et al.,
2000b). Switching these two lysine residues from Kir4.1 to Kir5.1 subunits keeps the pH
sensitivity intact (Pessia et al., 2001). These data suggest that two subunits carrying intact
pH-dependent gating machineries appear to be enough to operate the gating of the whole
channel. Therefore, it is likely that some subunits may not make extra contributions to the
gating of certain multimeric channels. It is not clear what underlies this phenomenon.
Therefore questions arise as to what is the minimum requirement of functional subunits
for the channel gating, and how many subunits are needed for full function of the gating
mechanisms. The multimeric strategy may allow ion channels to function in the fast,
transient and reversible gating process by operating with a few rather than all subunits.
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Another benefit brought by this strategy may be the preservation of channel function
when mutation occurs in some of the subunits

F-II-7. Subunit cooperativity of channels

Cooperativity

was

first

described by Bohr who studied the binding of oxygen to hemoglobin. He observed a
sigmoid binding curve and explained that the binding of the first oxygen molecule made
it easier for the second one to bind (Bohr, 1903). Several theories have been developed to
describe the interaction between protein subunits. Hodgkin and Huxley developed a
theory to describe the voltage-dependent channel gating. They postulated that there are
four identical and independent voltage sensors in this channel. The channel opens only
when all four subunits are in the open state. This model indicates that subunits are
independent, and there is no cooperativity in the transition between different subunit
conformations (Hodgkin and Huxley, 1952). The HH model has been successfully used
in ion channel studies.
Another theory was developed by Monod, Wyman and Changeux (MWC model,
Monod et al., 1965) in their study of enzymes. The interaction between the identical
ligand binding sites of an enzyme is regarded as homotropic interaction, and that
interaction between different ligand binding sites is designated as heterotropic
interaction. The Allosteric interaction refers to the interaction of a ligand binding site
with another functional site that is completely separate from the binding site. This
separate site can function as another ligand binding domain in receptors, catalytic site in
enzymes, and opening or closure control in ion channels. The heterotropic effect can be
positive or negative in terms of changes in the second ligand binding, which could be

26

easier or more difficult (positive cooperativity and negative cooperativity respectively).
Positive cooperativity is widely observed. Mutations altering the heterotropic interactions
also spontaneously change homotropic interactions of the same binding sites. The MWC
model of positive cooperativity is also known as “concerted” or “two state” model. This
model assumes that a protein has two conformations, namely, T (tension) for the
unliganded bound state and R (rest) for the ligand-bound state. There are no intermediate
conformations. The whole system can be completely switched between T and R states
depending on ligand binding. The model proposes that all subunits of a protein undergo a
single concerted change to preserve the symmetry of the molecule when it transits from
one conformation to another. The MWC model only considers positive cooperativity,
which has been widely used to describe enzyme activity or receptor-ligand interactions.
An alternative theory described by Koshland, Nemethy and Filmer (KNF) model
argues that the conformation of a protein can be changed by individual ligand binding,
and each ligand binding distorts the conformation of the subunit. Conformational changes
occur as a result of ligand binding to an individual subunit in an induced-fit fashion,
which in turn causes consequential conformational changes of other subunits within an
oligomer (Koshland et al., 1966). The KNF model allows the existence of mixed
oligomers with individual subunits in either T or R states. Several intermediate states may
exist with the combination of subunits at different states. However, there are only two
states for each individual subunit. Negative cooperativity is suggested when the
interaction of T-R states is stronger than the T-T or R-R interactions. On the other hand,
positive cooperativity exists when the T-T and R-R interactions are stronger than the T-R
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interaction (Koshland et al., 1966). Positive cooperativity amplifies the ligand sensitivity
of the protein. The physiological significance of negative cooperativity is not clear,
although a large number of negatively cooperative enzymes have been conserved during
evolution (Koshland and Hamadani, 2002).
Cooperativity is usually considered as a specific case of allosteric interaction
between binding sites. For channels with multiple binding sites, allosteric transition could
be regarded as the transfer of information from a ligand-bound site to a non-bound site.
This could result in a change in the intrinsic binding affinity of the second site (Harman,
2001). Subunit cooperativity may dampen or raise the energy barrier for reaching and
stabilizing a particular state in the channel (Pugh, 1996). Similarly, cooperativity is likely
to exist in the channel gating. Activation of the first subunit may change the energy
requirement for the gating transition of the second one. Molecular mechanisms
underlying the subunit coorperativity are not clear. Full understanding of these
mechanisms may depend on information of the tertiary structure of proteins and on the
functional assays.

F-II-8. Subunit coordination

One benefit from multimerization is that the

multimeric proteins may gain certain physiological advantages through subunit
coordination. As shown in heteromeric channels, binding of a limited number of ligands
activates all subunits whether with or without ligand binding sites. The molecular basis
for the subunit coordination is subunit interaction. This interaction seldom depends on
covalent bonds. Hydrophobic residues always form the interface of subunits and bring
them together in plasma membranes. Hetero- or homomultimers have been demonstrated
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in most ion channels and receptors. The multimerization of these channels undergoes
regulation by ligand binding. Without ligand binding, dimers are obtained in the
prokaryotic cyclic nucleotide dependent K+ channel, while tetramers form in the presence
of the ligand (Clayton et al., 2004). Subunits acting as functional dimers have also been
suggested in the functional assays in the eukaryotic CNG, HCN, and Kir1.1 channels (Liu
et al., 1998; Ulens and Siegelbaum, 2004; Wang et al. 2005b). It is possible that the
coordination of subunits exists in channels as a cost-efficient way for ligand regulation
and channel gating.

F-II-9. Potential coupling mechanisms

Ligand

binding

and

gating

machineries are known to be separate in most ion channels. The ligand binding domain is
located on the N or C termini, and the ligand-regulated channel gate is located at the
intracellular end of the pore forming helices. Ligand binding needs to be coupled to the
gating movement, which is carried out by a series of conformational changes.
Rearrangement of the ligand binding domain and linker region has been demonstrated in
a number of channels. Based on the crystal structure of the KcsA, Mthk, and KirBac1.1
channels (Roux and Mackinnon, 1999; Jiang et al., 2002b; Kuo et al., 2003), the binding
of a ligand leads to the gating movement within the same subunit. This intrasubunit
binding-gating coupling has also been reported in voltage sensing and channel opening of
the Kv channel (Labro et al., 2005). However, intersubunit interaction may also exist in a
number of channels. Also subunit coordination and cooperativity are always observed in
channel kinetics. Therefore a question has been raised as to whether the coupling of
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ligand binding to channel gating occurs within the same subunit or between adjacent
subunits.
The problem of binding-gating coupling is far beyond the debate about interversus intrasubunit coupling. The ligand binding domain and the intrinsic gate are linked
by a flexible peptide with the β-sheet as secondary structure (Kuo et al., 2003). It is thus
unlikely that the force produced by the conformational change of the ligand binding
domain will propagate to the pore lining helix directly and open the gate. The crystal
structure of the KirBac1.1 channel supports the idea of transduction of the force through
its TM1 helix. This transmembrane region located behind the pore lining TM2 helix is
connected to the N terminus by the slide helix. Movement of the slide helix may stretch
and swing the TM1 helix away from the central axis. The crystal structure shows that the
N terminus directly contacts the C terminus of the neighboring subunit (Kuo et al., 2003).
The original force to move the slide helix thus appears to come from the conformational
change of the ligand binding domain. The slide helix interacts with a conserved arginine
of the lower TM2 helix in the KirBac1.1 channel, which may eventually transfer the
movement to the pore lining helix. Another possibility is that the lower TM1 and TM2
helices also interact with each other and help with the gate opening since they are so
close around the bundle cross region. Further studies are needed to evaluate this
possibility.
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F-III. Insight with heteromeric subunit recombination
F-III-1. Problems and disadvantages of current approaches

The most

powerful method for understanding channel structure is X-ray crystallography. This
method resolves the structure of proteins by analyzing the X-ray diffraction pattern when
a beam of X-ray is directed onto the well-ordered crystal of proteins. Growth of crystals
is essential for this method, which has been shown to be difficult for membrane proteins
such as ion channels. The membrane regions of ion channels form the important part,
e.g., the selectivity filter and gate. Without plasma membrane, the crystal structure of the
channel may not grow correctly. Result explanation should consider the potential
distortion of the crystal. X-ray crystallography has also been successfully used to
understand channel gating mechanisms in MthK and KirBac1.1 channels (Jiang et al.,
2002b; Kuo et al., 2003). Some basic information has been obtained. However, channel
gating is much more complicated than that suggested by comparing crystal structure of
the open and closed states. Gating is a dynamic process that involves a series of events
from ligand binding to channel gating. The propagation of conformational changes
starting with ligand binding is fast and transient. The transition between channel opening
and closure occurs in microseconds, which makes it impossible to be detected by X-ray
crystallography. Also, channel gating regulated by membrane lipids, proteins, and
cytosolic signal molecules. The gating mechanism cannot be fully resolved without
considering these factors.
This dynamic movement in channel gating can be approached by two other
methods. The difficulty of growing crystals for X-ray crystallography is avoided with
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nuclear magnetic resonance (NMR), which does not require crystal structure and can be
used to obtain dynamic information about the ion channel. However, its resolution is far
from satisfactory as X-ray crystallography is, and therefore structural details cannot be
resolved by NMR. Besides, NMR is limited to proteins smaller than 35 kDa. Another
approach developed recently is fluorescence resonance energy transfer (FRET). By
detecting changes in fluorescence of protein labeled by the donor fluorophore transfers its
energy to the protein labeled with the acceptor fluorophore, FRET can detect the
respective movement of two protein domains occurring between 10-100 Å. The problem
with this method is that the distance between two protein domains cannot be accurately
quantified. Thus it only detects the presence or absence, but not the degree of protein
interaction.
Channel opening and closure result in ionic currents. Patch-clamp and voltageclamp are still the most efficient ways to detect changes in ion currents across
membranes. Channel opening and closure can be revealed by single channel recordings
using the patch-clamp technique (Hamill et al., 1981). The high frequency response of
this technique allows detection of highly dynamic electrical changes with resolution of
microseconds, which is necessary for the study of ion channel gating. The understanding
of channel properties at present largely depends on data obtained by combination of
patch-clamp and mutagenesis studies on the homomeric wild-type (wt) or mutant
channels.

F-III-2. Advantage and potential pitfalls of heteromeric recombination The
channel gating process involves asymmetric movement of multiple subunits. The
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transition of the gating movement in asymmetric heteromeric channels is not expected to
be completely symmetric. Even for the homomeric channels, not all ligand binding sites
can be occupied when ligands levels are low. The asymmetric movement of subunits has
also been indirectly demonstrated in some studies. Four subunits without ligand have
been found to exist as dimers in protein purification experiments (Clayton et al., 2004).
The assembly of the protein subunits is different in the presence or absence of ligands.
This transient asymmetric movement may not be fully understood using the homomeric
channels. Also studies on homomeric channels cannot address questions as to what is the
minimum number of functional subunits required for channel gating; how subunits
coordinate and cooperate with each other; and whether ligand binding is coupled to
gating within the same or through an adjacent subunit. Heteromeric channels that lack
ligand binding or gating machinery in different number of subunits are necessary for
answering these questions.
The time course of this transient asymmetric movement of different subunits
may be amplified by mutating ligand binding or gating machinery in part of the subunits.
The contribution of each individual subunit can be evaluated by comparing the channel
activity of heteromeric channels with different number of functional subunits. This
comparison can also generate information about subunit coordination and cooperativity.
However, heteromeric recombinant studies are difficult to be performed with X-ray
crystallography since crystallization of dozens of heteromeric channels would be a great
task when the researchers are still struggling with even a single one. NMR and FRET can
be used, but the resolution is compromised. In addition, frequency response is also a
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limitation for these two techniques. Patch-clamp therefore remains to be the most feasible
and cost-efficient approach in studying heteromeric recombinant channels.

F-III-3. Kir channels as subject for the study in gating

Kir channels were

used in these studies for several reasons. First, Kir channels have the simplest structures
among characterized eukaryotic channels. These channels are tetramers with each subunit
having two transmembrane domains linked by the pore loop. The short N terminus and
the long C terminus located in the cytosol are subject to regulation by intracellular
signals. The protein sequences of these channels are only several hundreds of AAs, which
makes them easier to be manipulated in DNA and RNA reconstruction. Second, high
resolution X-ray crystal structures of bacterial channels with two transmembrane domains
are available. The two transmembrane regions of the KcsA and MthK channels including
the cytosolic N and C termini and the KirBac1.1 channel are resolved (Roux and
Mackinnon, 1999; Jiang et al., 2002b; Kuo et al., 2003). The structure of the mammalian
Kir3.1 cytoplasmic domain is also known (Nishida and Mackinnon, 2002). Sequence
alignment of the KirBac1.1 channel with Kir channels has revealed high similarity, which
makes it easier to link the functional study with relevant channel structure. Third, Kir
channels are crucial for controlling cellular excitability, vascular tone, cardiac and
skeleton muscle contraction, insulin secretion, and K+ secretion and reabsorption in the
kidney. Dysfunction of these channels causes diseases in the brain, ear, heart, muscle, and
pancreas, and developmental abnormalities in crest-derived tissues (Andersen syndrome)
(Ashcroft, 2000). Studies of these channels will improve the understanding of these
diseases and shed light on their therapeutical potentials.
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F-III-4. The Kir channel family and their regulatory mechanisms Kir channels
are composed of seven subfamilies (Kir1-7, Fig. F-1B). Channels in the Kir family are
characterized by their capability of allowing a greater influx of the K+ ions than efflux.
This inward rectification is caused by the rapid and voltage-dependent block of
intracellular polyamine and Mg2+ ions. Strong inward rectifiers are sensitive to polyamine
modification at high voltage levels such as Kir2.1 and Kir3.1. Weak rectifiers such as
Kir1.1 and Kir6.2 are not so sensitive to polyamine, allowing relatively large outward
currents. Heteromeric channels composed of Kir3.1/Kir3.4 (Krapivinsky et al., 1995) or
Kir4.1/Kir5.1 (Pessia et al., 1996) have intermediate sensitivity to polyamine.
Kir channels are regulated by protein kinases. Protein kinase A (PKA) modulates
almost all Kir channels by stimulating their currents, while the phosphorylation sites are
not identified in their primary sequences. Regulation of the channel activity by PKA may
be indirect through other messenger molecules. The Kir2.1 and Kir2.3, Kir3.1/Kir3.4
heteromer and Kir6.2 channels (Henry et al., 1996; Light et al., 2000; Mao et al., 2004)
are also regulated by protein kinase C (PKC). The PKC phosphorylation sites have been
identified in the Kir3.1, Kir3.4 and Kir6.2 channels.
In contrast to the indirect effect of protein kinases, most Kir channels are directly
modulated by pH. Kir channels such as Kir1.1, Kir2.3, Kir4.1 and Kir4.1/Kir5.1
heteromer are inhibited by intracellular acidification, while the currents of Kir6 channels
are stimulated by low pH (Jiang et al., 2002a). Kir6 channels are identified in pancreas,
vascular smooth muscle, cardiac and skeleton muscle, and neurons (Seino, 1999).
Activation of these channels during hypoxia inhibits the cellular excitability of these
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cells, which may have protective effects. The heteromeric Kir3.1 and Kir3.4 have been
found to be colocalized in postsynaptic membranes with inhibitory neurotransmitter
receptors (Liao et al., 1996). The acidic pH resulted from transmitter release active these
channels, which may enhance the effect of inhibitory neurotransmitters (Mao et al.,
2002).
Another general regulator of Kir channels is phospholipids. Among them, the
most important one is phosphatidylinositol-biphosphate (PIP2). PIP2 is broken down by
PLC, which links the Kir channel activity to neurotransmitter receptors such as
muscarinic Ach receptor, Substance P receptor, and other neurotransmitter and hormone
receptors that can be coupled to G proteins (Jan and Jan, 1997; Lei et al., 2003). The
spontaneous opening of Kir channels appears to depend on their PIP2 sensitivities. The
channels with high PIP2 sensitivity are likely to have a higher opening probability such as
Kir1.1, Kir2.1, Kir2.2, Kir 4.1 and Kir 4.1/Kir5.1 heteromer (Du et al., 2004). Low open
probability (Popen) is shown for channels with low PIP2 sensitivity, e.g., Kir6.2.
Membrane lipids may activate channel gating by anchoring the intracellular domains on
the cell membrane.
Some Kir channels have specific regulators. For instance, GIRK (Kir3.x)
channels are activated by the βγ subunit of trimeric G proteins (Logothetis et al., 1987),
and KATP channels are inhibited by intracellular ATP. The sulphonylurea receptor is an
accessory subunit of KATP channels. With this subunit, ATP sensitivity of the channel is
greatly increased. This subunit also underlies the mechanism of regulation of Kir6.2
channels by ADP and other blockers and openers (Seino, 1999). Kir 1.1 and Kir6.2
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channels were used in the study since their regulatory mechanisms have been well
studied. The following studies on channel gating mechanism thus can be based on this
knowledge about ligand binding and gating sites.
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G. SIGNIFICANCE
Ion channels are characterized by two functions: ion-selective permeability and
event-dependent gating. Gating mechanisms are incompletely understood although
progress has been made over past 5-6 years through X-ray crystallography and
mutagenesis studies of homomeric channels. A number of questions remain to be
addressed: what is the minimum number of subunits required for channel gating and
ligand binding; how ligand binding can be differentiated from channel gating; whether
four subunits act independently or cooperatively in ligand gating; whether there is
specific subunit coordination between subunits in ligand binding and channel gating; how
ligand binding is coupled to channel gating; and what determines gating after specific
ligand binding. I proposed to address some of these questions using Kir1.1 and Kir6.2,
because of their less complicated protein structures and well defined functional
properties. We proposed to study 1) the stoichiometry for ligand binding and channel
gating, 2) differences between ligand binding and channel gating and binding-gating
coupling using the heteromeric Kir6.2 channel, and 3) the role of membrane helices in
determining channel gating by manipulating two residues at the interface of the TM1 and
TM2 of the Kir6.2 channel. I chose to use heteromeric channels, since the above
questions can not be answered with homomeric channels that are currently widely used in
ion channel studies. The subunit stoichiometry studies in heteromeric channels will also
generate information about subunit coordination, cooperativity, and minimum
requirement of functional subunits for ligand binding and channel gating. Since the
mechanisms for channel gating may be shared by some channel families, results obtained
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from Kir1.1 and Kir6.2 channels will have impact on our understanding of the function
and modulation of other ion channels as well. My work will not only improve our
understanding of ion channels but also may facilitate the design of therapeutical
modalities to enhance or suppress the channel activity by targeting specific ligand
binding, channel gating, or binding-gating coupling mechanisms.
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H. METHODS AND MATERIALS
H-I. Xenopus oocyte and expression systems
Frog oocytes were obtained from Xenopus laevis as described in our previous
study (Chanchevalap et al., 2000; Xu et al., 2000a; Mao et al., 2003). In brief, frogs were
anesthetized by bathing them in 0.3% 3-aminobenzoic acid ethyl ester. A few lobes of
ovaries were removed after a small abdominal incision (~5 mm). Then, the surgical
incision was closed and the frogs were allowed to recover from the anesthesia. Xenopus
oocytes were treated with 0.5mg/ml of collagenase (Type I, Sigma Chemicals, St Louis,
MI) in the OR2 solution (in mM): NaCl 82, KCl 2, MgCl2 1 and HEPES 5, pH 7.4 for 90
min at room temperature. After 10-20 washes (2 min each) of the oocytes with the OR2
solution, cDNAs (25–50ng in 50nl water) were injected into the oocytes. The oocytes
were then incubated at 18°C in the ND-96 solution containing (in mM) NaCl 96, KCl 2,
MgCl2 1, CaCl2 1.8, HEPES 5, and sodium pyruvate 2.5 with 100mg/l geneticin added
(pH 7.4).

H-II. Molecular biology
H-II-1.cDNA subcloning and expression

Rat Kir1.1 (or ROMK1, Genbank

accession number: X72341) cDNA was generously provided by Dr. Steven Hebert at
Yale University. Mouse Kir2.1 (or IRK1 Genbank accession #X73052) cDNA was a
generous gift of Dr. L. Jan at California University at San Francisco. Mouse Kir6.2 (or
mBIR, Genbank accession #D50581) cDNA was generously provided by Dr. S. Seino at
Kobe University in Japan. The cDNA was subcloned into a eukaryotic expression vector
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(pcDNA3.1, Invitrogen Inc., Carlsbad, CA), and used for Xenopus oocyte expression
without cRNA synthesis.

H-II-2.Heteromeric channel construction To construct tandem-dimeric and
tandem-tetrameric Kir1.1 channels, a cassette was constructed with the EcoR I restriction
site introduced at the 5’ end and an Mfe I site at the 3’ end of the Kir1.1 cDNA using
polymerase chain reaction (PCR). Based on the cassette, site-specific mutations of Lys80
to methionine and the stop codon to tyrosine were then prepared using a site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The cDNA of wild-type (wt) Kir1.1 without
stop codon was linearized with the Mfe I restriction enzyme. The K80M mutant with stop
codon was digested with EcoR I and Mfe I restriction enzymes. The isolated K80M
mutant was then ligated to the linearized wt Kir1.1 to form dimeric wt-K80M. The same
strategy was used to construct wt-wt and K80M-K80M tandem-dimers. Since the stop
codon was removed in the first monomer, all tandem-dimers had only one open reading
frame. There are 5 AAs (YGFPS) created between each monomer in these dimeric
channels. To confirm correct mutations, the constructs were examined with DNA
sequencing. Based on the appearance of single or double peaks at codon 80 (AAA vs.
ATG), homomeric or heteromeric dimers were confirmed.
Cohesive ends of EcoR I and Mfe I restriction sites are complementary. Since
both restriction sites are lost after ligation, each dimer still contains only one EcoR I site
in front of the first ATG codon and one Mfe I site behind the stop codon. This allows a
construction of tandem tetramers by joining two of the dimers. To do so, the first dimer
was constructed with the stop codon eliminated, which was joined by another dimer with
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intact stop codon. Using different combination of two sets of dimers, various tandem
tetramers were generated (Table J-I-1). Correct orientation of the constructs was
confirmed with DNA sequencing, and appropriate size was proved by isolation of the
tetrameric DNA from the pcDNA3.1 using two restriction enzymes.
To construct the tandem-dimeric and tandem-tetrameric Kir6.2 channels, a
cassette was generated with a BamH I restriction site introduced at the 5’ end and a Bgl II
site introduced at the 3’ end of the Kir6.2∆C36 open reading frame using PCR. Based on
the cassette, site-specific mutation of Lys185 to glutamic acid and the stop codon to
serine were then prepared using a site-directed mutagenesis kit (Stratagene, La Jolla,
CA). The tandem-dimeric and tretrameric constructs were obtained as we did for the
Kir1.1 dimers and tetramers. Similarly, the dimers and tretramers carrying H175K,
C166S and T71Y mutations were constructed. Three AAs (Ser-Arg-Ser) were created to
link the tandem dimeric and tetrameric channels.

H-II-3.Site directed mutagenesis

Site specific mutations were made using the

Pfu DNA-polymerase-based site-directed mutagenesis kit (Quickchange, Stratagene, La
Jolla, CA). Correct mutations were confirmed with DNA sequencing.

H-III. Electrophysiology recordings
Whole-cell currents were recorded with two-electrode voltage clamp 2–4 days after
cDNA injection using an amplifier (Geneclamp 500, Axon Instruments Inc., Foster City,
CA) at room temperature (~24°C). Experiments were performed in a semi-closed recording
chamber (BSC-HT, Medical System, Greenvale, NY) in which oocytes were placed on a
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supporting nylon mesh. The extracellular solution contained (in mM): KCl 90, MgCl2 3, and
HEPES 5 (pH 7.4). At baseline, the chamber was ventilated with atmospheric air. The low
pH exposure was produced by superfusing the bath solution with a gas mixture containing
15% CO2 balanced with 21% O2 and N2 (Chanchevalap et al., 2000; Xu et al., 2000a; Zhu
et al., 2000). The high dissolvability of CO2 resulted in a detectable change in intra- or
extracellular pH as fast as 10 s in the Xenopus oocytes, and the intracellular pH (pHi)
reached 6.6 within 3 minutes (Chanchevalap et al., 2000; Xu et al., 2000a; Zhu et al.,
2000). Currents recorded were low-pass filtered (Bessel, 4-pole filter, 3 dB at 5 kHz),
digitized at 5 kHz (12-bit resolution) and stored on computer disk for later analysis
(pClamp 6, Axon Instruments).
For Kir1.1 channel, macroscopic and single-channel currents were recorded in
excised inside-out patches as we described previously (Chanchevalap et al., 2000; Xu et al.,
2000a; Yang et al., 2000; Wu et al., 2002a). The bath solution contain (in mM): 40 KCl,
75 potassium gluconate, 5 KF, 10 potassium pyrophosphate, 0.1 sodium vanadate, 5
EGTA, 10 glucose, 10 PIPES (pH = 7.4), 0.2 ADP and 0.1 spermine (Leung et al., 2000;
Chanchevalap et al., 2000; Yang et al., 2000). The pipette was filled with the same
solution. A parallel perfusion system was used to deliver low pH perfusates at a rate of
~1ml/min with no dead space (Yang et al., 2000; Wu et al., 2002a). Macroscopic and singlechannel currents were analyzed using the Clampfit 9 software (Axon Instruments). Currents
were expressed as a function of pHi with Hill equation (Equation 2), SigmaPlot was used
for data fitting with pH level for 50% inhibition (pKa) and h as two free parameters.
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For the Kir6.2 channel, patch clamp was performed using solutions containing
equal concentrations of K+ applied to the bath and recording pipettes. The bath solution
contained (in mM): 10 KCl, 105 potassium gluconate, 5 KF, 5 potassium pyrophosphate,
0.1 sodium vanadate, 5 EGTA, 5 glucose, and 10 HEPES (pH 7.4). The pipette was filled
with the same solution (Yang et al., 2000). Pyrophosphate and vanadate are known to
alleviate channel rundown. In several control experiments, we did not find any evident
difference in current profile and channel responses to pH and ATP from those recorded in
the absence of pyrophosphate and vanadate.
Single channel conductance was measured using ramp command potentials from
100 to –100mV. The open-state probability (Popen) was calculated by first measuring the
time, tj, spent at current levels corresponding to j = 0,1,2,······N channels open, based on
all evident openings during the entire period of record (Yang et al., 2000). The Popen was
then obtained as
Popen

∑
=

N

t •j

j =1 j

T•N

(1),

where N is the number of channels active in the patch and T is the duration of recordings.
Popen values were calculated from at least four stretches of data acquired using the Clamfit
9.2 software (Axon Instruments Inc.) or the Fetchex6 software (Axon Instruments Inc.).
Open and closed times were measured from records in which only a single active channel
was active. Data were further filtered at 0-1,000Hz using Gaussian filter. The open- and
closed-time distributions were fitted using the Marquardt-LSQ method in the PSTAT6
software (Axon Instruments Inc.) with datum duration >60 seconds. The current amplitude
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was analyzed using all-point histograms. Each peak was described with the Gaussian
distribution to indicate substate levels of conductance.
In the study of pH-dependent Kir1.1 channel gating, the amplitude of these
inward rectifying currents is expressed as a function of pHi using the Hill equation:

Y=

1
⎛ pK a ⎞
⎟⎟
1 + ⎜⎜
⎝ pH i ⎠

(2),

h

where Y is the normalized current amplitude, pKa the midpoint pH value for channel
inhibition, and h the Hill coefficient. The normalized current-response relationships in the
studies of ATP sensitivity of Kir6.2 constructs were described with the Hill equation:
Y=

Im
⎛ IC50 ⎞
1 + ⎜⎜
⎟⎟
⎝ [ATP ] ⎠

h

(3),

where [ATP] is the ATP concentration, EC50 the ATP concentration for 50% current
stimulation, h the Hill coefficient, and Im the maximal current activation.
In studies of the ligand binding, channel gating and the binding-gating coupling of
the ATP-dependent Kir6.2 gating, the normalized current-response relationship was fitted
with the equation of the operational model (Black and Leff, 1983)
h
h
[
ATP ] • τ A
Popen = POP −
(K A + [ATP ])h + τ A h • [ATP ]h

(4),

for the K185E tandem tetramers, and
h
h
ATP ] • τ C
[
Popen = POP −
(K C + [ATP ])h + τ C h • [ATP ]h

(5)
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for the C166S and T71Y tandem tetramers. Popen is the open state probability, POP is the
baseline Popen with no inhibition by ATP, and τ is the inverse of the fraction of receptors
needed to be occupied to produce half of the maximum inhibition. The percentage of
receptors need to be occupied to produce the half of the maximum inhibition is 50% if τ
= 2. KA is the equilibrium dissociation constant for ATP binding to the KATP channel. The
working range of the channel activity and the ATP concentration for 50% inhibition
(IC50) are determined with
POP − POT =

τh

(6),

τ h +1

and

IC 50 =

KA

(2 + τ )
h

1

h

A

−1

(7).

for the K185E tandem tetramers, as well as

IC 50 =

KC

(2 + τ )
h

C

1

h

−1

(8)

for the C166S and T71Y tandem tetramers. The POT is the trough of Popen at the plateau
level of the inhibition.
H-IV. Ligand exposures
Adenosine 5’-triphosphate (ATP in K+ salt) was purchased from Sigma (St.
Louis, MO). ATP solution was freshly made each time before experiments. The ATP was
dissolved as 30 mM concentration in the solution contained (in mM): 10 KCl, 40
potassium gluconate, 5 KF, 5 potassium pyrophosphate, 0.1 sodium vanadate, 5 EGTA, 5
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glucose, and 10 HEPES (pH 7.4). The solution is then diluted by the perfusion solution in
a series of concentration gradient as indicated in the Results. A parallel perfusion system
was used to deliver solutions containing channel regulators at a rate of ~1ml/min with no
dead space.

H-V.

Statistics and data analysis
Data are presented as means ± s.e. (standard error). All patch data reported were

based on four or more patches obtained from at least two oocytes. The difference in
channel sensitivities to a given regulator was examined using single factor ANOVA or
Student t tests. The dose-response relationship was described with different models. The
quality of the regression was tested with R square test. The statistical significance
between regressions was examined with F test. Differences were considered to be
statistically significant if P ≤ 0.05

H-VI. Theoretic modeling
Two classes of models were used in the study to predict independent or concerted
action of individual subunits. The predictions were based on the ATP (or H+)
concentration for 50% channel inhibition (IC50 or pKa) and baseline Popen of channels
with four wt or four mutant subunits. No free parameter was needed. We assumed that
the subunits underwent inhibitory gating by a transition between an open state (O) and
close state (C). The prediction of the IC50 was firstly performed for tetramers with
disruption at the ligand binding. The Hill coefficients of all constructs were fixed as 1
since it varied from 0.9 to 1.2. The Monod, Wyman and Changeux (MWC) model
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describes the single concerted transition of four subunits between two states. In the Kir6.2
channel, the ATP-dependent gating without ligand binding was characterized by allosteric
equilibrium constant L0. The dissociation constants for a ligand to bind to the resting state
and inactive state were KO and KC respectively. The closing equilibrium constant for a
functional subunit with ligand binding was given as L0 • f, with f = KC / KO. Each functional
subunit stabilized the channel at close state with a factor f. Therefore the channel with n
functional subunits shifted the close equilibrium with a factor fn. The channel activity with
all subunits disrupted can be expressed:
Popen ( 0 ) =

1
=
1 + L0

1
1+

(9).

x
IC50 (0 )

With n functional subunits it is
Popen ( n ) =

1
=
1 + L0 • f n 1 +

1
=
x
• f n 1+
IC50 (0 )

1

(10).

x
⎛1⎞
IC50 ( 0 ) • ⎜⎜ ⎟⎟
⎝f⎠

n

The IC50(0) value obtained from the tetramer 4K185E was 21.7mM, and the f therefore
calculated based on the data from 4wt with equation 8 was 0.385, assuming n = 4.
Consequently the IC50 levels for tetramers with 1, 2 and 3 wt subunits were 6.249, 1.797 and
0.517 mM, respectively. Similarly, the IC50 values for channels with disruption at the
channel gating were predicted. The IC50 values for C166S tetramers with 1, 2 or 3 wt
subunits were 2.593, 0.997 and 0.384 mM, and the corresponding IC50 obtained for T71Y
tetramers were 12.99, 2.92 and 0.66 mM. Baseline Popen was predicted according to
equations 7 and 8. The L0 was calculated first based on the baseline Popen of the channel
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carrying four disrupted subunits. With the value of L0 and baseline Popen of the 4wt channel,
the f was obtained. The baseline Popen for channels with 1, 2 and 3 wt subunits was predicted
using equation 8, and the values were 0.553, 0.369 and 0.217 for C166S tetramers, and
0.567, 0.378 and 0.217 for T71Y tetramers.
The Hodgkin-Huxley (HH) model describes independent transition of all subunits
between the opening and close states. The channel is open only when all four subunits are in
the open state. The activity of all subunits in a tetrameric channel is a parallel rather than
serial event. Channel activation is calculated by assuming that the probability for a subunit
with ligand binding to be in the active state is ma, and the probability for a subunit with no
ligand binding to be in the active state is mo. The probability for a channel with four ligand
binding sites to be in the open state is:

Popen ( 4 ) = (m a )

4

⎡
⎤
⎢
⎥
1
⎢
⎥
=⎢
⎥
⎢1 + ⎛⎜ x ⎞⎟ ⎥
⎢ ⎜ IC 50 (a ) ⎟ ⎥
⎠⎦
⎣ ⎝

4

(11),

and the probability for a channel with no ligand binding site to be in the open state is:

Popen ( 0 ) = (m0 )

4

⎡
⎤
⎢
⎥
1
⎢
⎥
=⎢
⎥
⎢1 + ⎛⎜ x ⎞⎟ ⎥
⎢ ⎜ IC50(0 ) ⎟ ⎥
⎠⎦
⎣ ⎝

4

(12).

The IC50(a) and IC50(0) were calculated by fitting the fourth root of the experimental doseresponse relationship of 4wt and 4K185E with hill equation. Finally, the open state
probability for channels with n binding sites is
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n

Popen ( n ) = (ma ) • (m0 )
n

(4− n )
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=
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(13).

With the IC50(a) and IC50(0), the dose-response relationship for the channel with n
functional subunits were obtained at each concentration of ATP. This dose-response
relationship was then fitted with Hill equation to get the predicted IC50 of the model. The
predicted IC50 values for K185E tetramers with 1, 2 and 3 wt subunits were 1.50, 0.45
and 0.24mM. Similarly, the corresponding IC50 values for tetramers with disruption of
channel gating were obtained, and the values for C166S tetramers were 1.20, 0.42 and
0.23mM, and the ones for T71Y tetramers were 1.8, 0.48, 0.24mM. The baseline Popen of
channels with n functional subunits was calculated with equation 10, 11 and 12 with the
ma and mo obtained firstly from the baseline activity of the channel carrying four wt and
four disrupted subunits respectively. The predicted Popen for tetramers with 1, 2 or 3
disrupted Cys166 subunits was 0.183, 0.289 and 0.457, and the corresponding baseline
Popen for T71Y tetramers was 0.184, 0.293 and 0.465.
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I. EXPERIMENTAL DESIGN AND RESULTS

I-I. Subunit Stoichiometry of the Kir1.1 Channel in Proton-dependent Gating

Results from this study have been published:

Wang, R., Su,J., Wang,X., Piao,H., Zhang,X., Adams,C.Y., Cui,N., and Jiang,C. (2005).
Subunit stoichiometry of the Kir1.1 channel in proton-dependent gating. J.Biol.Chem. 280,
13433-13441.
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I-I-1. Introduction
Kir1.1 (ROMK1) is a member in the Kir channel family. A functional channel
consists of four Kir subunits, and each Kir subunit has two membrane-spanning helices
and a pore-forming sequence (Nichols et al., 1997; Bichet et al., 2003). The Kir1.1
channel was originally cloned from the outer medulla of the kidney and later found in
several other tissues (Ho et al., 1993; Wang, 1999). The channel regulates K+ recycling in
the thick ascending limb of the loop of Henle, and K+ secretion in the cortical collecting
duct (Wang, 1999; Hebert, 2003). Dysfunction of the Kir1.1 channel is one of major
causes for Bartter syndrome that is characterized by decreased salt transport in the thick
ascending limb of the loop of Henle (Hebert, 2003). Surface expression and trafficking of
Kir1.1 rely on PKA and PKC (Yoo et al., 2003; Lin et al., 2002). Activity of the Kir1.1
channel is directly regulated by intracellular pH, PKA, PKC, PIP2, and WNK4 (serinethreonine kinase 4 with no Lysine) (Tsai et al., 1995; McNicholas et al., 1994; Kahle et
al., 2003; Huang, 2001). Inhibition of PKA activity or PIP2 production shifts the channel
sensitivity toward more alkaline pH levels (Leipziger et al., 2000; Leung et al., 2000).
Studies over the past few years have revealed several AA residues that contribute
to the control of the channel opening and closure known as channel gating, although the
gating mechanisms are still unclear (Fakler et al., 1996; Choe et al., 1997; Schulte et al.,
1999; Xu et al., 2000a; Xu et al., 2000c; Chanchevalap et al., 2000). Among them is a
lysine residue (Lys80) at the boundary between the TM1 and the N terminus of the Kir1.1
channel. Mutation of this residue to a methionine disrupts the pH-dependent channel
gating (Fakler et al., 1996). Similar effect has been found in several other Kir channels
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that have such a lysine residue (Choe et al., 1997; McNicholas et al., 1998; Yang et al.,
2000; Pessia et al., 2001).
Like all other ion channels, how the gating mechanism of the Kir1.1 channel is
not well understood. One approach is to disrupt one or more functional subunits in a
tetrameric channel. How an individual subunit contributes to the channel gating can then
be evaluated. Such a subunit-disruption intervention may yield information about subunit
coordination, cooperativity, dominant-negative effect, and minimal requirement of
functional subunits for channel gating. To elucidate the subunit stoichiometry in the pHdependent Kir1.1 channel gating, therefore, we performed these studies on tandemdimeric and tandem-tetrameric channels in which a predetermined number of subunits
carrying the K80M mutation was introduced. The channel pH sensitivity was studied as
we have documented previously (Xu et al., 2000a; Xu et al., 2000c; Chanchevalap et al.,
2000). Our results showed that the Kir1.1 channel gating requires specific subunit
configuration and coordination.
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I-I-2. Results

I-I-2-a. Proton-dependent gating of monomeric Kir1.1 and its K80M mutant
The Kir1.1 channel was expressed in Xenopus oocytes. Whole-cell K+ currents
were recorded with two-electrode voltage clamp in a bath solution (KD90) containing 90
mM K+. Consistent with previous reports (Xu et al., 2000a; Xu et al., 2000c;
Chanchevalap et al., 2000), the Kir1.1 currents showed clear inward rectification with
average amplitude of -13.3±2.7 µA (n=8, measured at -160 mV). Injection of the
expression vector alone did not yield inward rectifying currents, and the currents
measured at -160mV were 0.5 ± 0.1 µA (n=9).
Exposure of the oocytes to 15% CO2 produced strong and reversible inhibition of
the inward rectifying currents (–76.7 ± 2.0%, n=8). The effect was mediated by pH rather
than molecular CO2, as intracellular, but not extracellular, acidification to the same pH
levels as seen during CO2 exposures produced the same degree of current inhibition (Zhu
et al., 2000; Xu et al., 2000a). Mutation of Lys80 to methionine (K80M), a residue found
in the pH-insensitive Kir2.1 channel, totally eliminated the inhibitory effect of CO2 on
the whole-cell currents (0.7±1.5%, n=5).
The pH sensitivity was also studied in excised inside-out patches. In these
experiments, expression of the Kir1.1 channel was first screened in whole-cell recording.
Then, macroscopic currents consisting of over five active channels were recorded in
excised patches using recording pipettes with tip diameter of 4-5 µm.
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Fig. I-I-1. The effect of hypercapnic acidosis on dimeric Kir1.1 channels. A. Whole-cell voltage
clamp in a Xenopus oocyte that received an injection of the tandem dimer of wild-type Kir1.1. A
series of voltage commands (from –160mV to 140mV with 20mV increments at a holding
potential of 0mV) was applied to the cell in a bath solution containing 90mM K+. Under this
condition, clear inward rectifying currents were seen in the oocyte 3 days after the injection.
These currents were strongly and reversibly inhibited when the cell was exposed to 15% CO2. B.
Similar experiments were performed on another oocyte expressing the wt-K80M dimer. The
currents were modestly inhibited with 15% CO2. C. The K80M-K80M dimer was unaffected by the
same concentration of CO2. D. Percentage inhibition of the inward rectifying currents of
monomeric and dimeric Kir1.1 channels. Data are presented as means ± s.e. (n = 4 or 5). The
whole cell recordings were performed by Dr. Junda Su (A-C).
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Exposure of the intracellular membrane to low pH perfusates produced
concentration-dependent inhibition of the currents. The pHi dependent response of the
Kir1.1 currents was described with the Hill equation, and the pKa value (pHi level at 50%
current inhibition) and the Hill coefficient (h) were subsequently obtained (see Equation
1 in Methods), which were 6.75±0.01 (n=5) and 4.1±0.5 (n=5), respectively. The pHi
sensitivity of the K80M mutant was very low with pKa 5.70±0.03 (n=4) and h 1.2±0.1
(n=4) (Table I-I-1). These observations are thus consistent with previous studies (Tsai et
al., 1995; Fakler et al., 1996; Choe et al., 1997; Schulte et al., 1999; Xu et al., 2000a; Xu
et al., 2000c; Chanchevalap et al., 2000)

I-I-2-b. Effect of subunit disruption on the pH sensitivity of tandem-dimeric channels
To determine how each subunit contributes to the pH-dependent channel gating,
three tandem-dimeric channels were constructed using wt Kir1.1 and the K80M mutant,
i.e., wt-wt, wt-K80M and K80M-K80M. All of them expressed inward rectifying currents
with amplitude of –10 to –25µA (Fig. I-I-1; Table I-I-1). Exposure to 15% CO2 led to
inhibition of the wt-wt currents by 77.3 ± 4.2% (n=4), to the same degree as the
monomeric Kir1.1 (P>0.05). Like the monomeric K80M, the K80M-K80M totally lost its
CO2 sensitivity (Fig. I-I-1 C; Table I-I-1). In contrast, the wt-K80M was inhibited by
only 10.2±2.4% (n=12) when exposed to 15% CO2 (Fig. I-I-1B,D).
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Table I-I-1. Current responses to CO2 and pH
Name

BL I (µA)

CO2 Effect (%)

pKa

h

Kir1.1

–13.3 ± 2.7

–76.7 ± 2.0 (8)

6.75 ± 0.01 (5)

4.1 ± 0.5

K80M

–16.5 ± 12.0

0.7 ± 1.5 (5)

5.70 ± 0.03 (4)

1.2± 0.1

wt-wt

–13.0 ± 3.4

–77.3 ± 4.2 (4)

6.78 ± 0.02 (4)

4.0 ± 1.0

wt-K80M

–13.7 ± 5.6

–10.2 ± 2.4 (12)

6.22 ± 0.01 (4)

3.0 ± 0.2

K80M-K80M

–22.9 ± 1.8

1.4 ± 3.0 (6)

5.75 ± 0.03 (4)

1.2 ± 0.1

4wt

–4.3 ± 1.7

–79.3 ± 4.2 (6)

6.81 ± 0.01 (4)

3.7 ± 0.2

3wt-K80M

–5.4 ± 2.0

–37.7 ± 3.9 (10)

6. 59 ± 0.01 (5)

3.3 ± 0.1

trans 2wt-2K80M

–6.1 ± 1.4

–12.8 ± 1.5 (14)

6.23 ± 0.01 (5)

2.8 ± 0.2

cis 2wt-2K80M

–5.9 ± 1.1

–12.5 ± 0.7 (6)

6.22 ± 0.01 (5)

2.8 ± 0.1

wt-3K80M

–7.5 ± 3.6

–2.3 ± 3.1 (5)

6.01 ± 0.02 (5)

2.0± 0.2

4K80M

–5.4 ± 1.0

0.2 ± 3.8 (5)

5.80 ± 0.05 (4)

1.2 ± 0.2

Monomer

Tandem dimer

Tandem tetramer

Abbreviation: BL I, whole-cell baseline current measured at –160mV; h, Hill
coefficient; n, number of observation; pKa, pHi value at 50% current inhibition; wt, wild
type. Data are presented as means ± s.e. The baseline currents and the CO2 effects for
tandem dimers and tetramers were obtained by Dr. Junda Su. Drs. Xueren Wang and
Ningren Cui recorded the baseline currents and CO2 effects for monomers and dimeric
wt-wt.
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Fig. I-I-2. Inhibition of the tandem-dimeric Kir1.1 channels by intracellular protons. A.
Macroscopic currents were recorded in inside-out patches using symmetric concentrations of K+
(150mM) on both sides of the patch membranes. Exposures of the internal membranes to
solutions of acidic pH produced a fast and reversible inhibition of inward rectifying currents. B.
Similar experiments were done in the wt-K80M dimer that was also inhibited by acidic pH though
to a lesser degree. C. The K80M-K80M was inhibited only when intracellular pH (pHi) was very
low. Note that eight superimposed traces are shown in each panel of A, B and C. D. The
amplitude of these inward rectifying currents is expressed as a function of pHi using the equation
2 (Methods). See Table I-I-1 for pKa and h values. The titration curves of homomeric wt-wt and
K80M-K80M are almost identical to their monomeric counterparts, while the wt-K80M has
intermediate pH sensitivity. Data are presented as means ± s.e.
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Macroscopic currents of the dimeric wt-wt channel were completely inhibited at
pHi 6.2 with pKa 6.78±0.02 (n=4) (Fig. I-I-2A; Table I-I-1). The pH sensitivity of the
dimeric K80M-K80M was greatly reduced with pKa 5.75±0.03 (n=4) (Fig. I-I-2C). The
concentration-response curves from the dimeric wt-wt and K80M-K80M nicely match
those obtained from monomeric wt and K80M-mutant channels (Fig. I-I-2D), indicating
that the pH sensitivity of the dimers is well retained. In contrast to the dominant-negative
effect of certain residues in the selectivity filter, the K80M-disrupted subunit did not
completely eliminate the pH sensitivity of the heteromeric channel. The pHi response of
the heteromeric wt-K80M dimer lay in between of those of the homomeric wt and
K80M-mutant channels (Fig. I-I-2B). In comparison to the wt channel the titration curve
of the wt-K80M was left-shifted by 0.56 pH units (pKa 6.22±0.01, n=4). Such a change
was not a parallel shift, as the Hill coefficient was lowered from 4.0 in wt-wt to 3.0 in wtK80M (Table I-I-1).

I-I-2-c.

Stoichiometry of tandem-tetrameric K80M channels in pH-dependent
channel gating

To elucidate the contribution of two functional subunits (in adjacent and diagonal
positions) to the pH-dependent Kir1.1 channel gating and the effect of one or three
subunit disruptions on a tetrameric channel, tandem-tetrameric channels were
constructed. The homomeric wt and K80M-mutant tandem tetramers are named 4wt and
4K80M, respectively. Tandem tetramers with one and three mutant subunits refer to 3wtK80M and wt-3K80M. Heteromeric tandem tetramers with two mutant subunits at the
diagonal and adjacent positions are trans 2wt-2K80M and cis 2wt-2K80M.
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Fig. I-I-3. CO2 sensitivity of tandem tetramers. A. The 3wt-K80M was inhibited moderately by
hypercapnic acidosis. B,C. The trans 2wt-2K80M responded to CO2 to the same extent as the cis
2wt-2K80M. D. The wt-3K80M lost its CO2 sensitivity. E. The graded decrease in CO2 sensitivity is
revealed when the percentage inhibition of the inward rectifying currents (I) is plotted out. Note
that the same levels of inhibition in cis and trans 2wt-2K80M. The whole cell recording was carried
out by Dr. Junda Su (A-D).
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Baseline whole-cell currents of the tandem-tetrameric channels remained the
same as the wt Kir1.1 channel, although the current amplitude was smaller (Table I-I-1).
The 4wt and 4K80M responded to 15% CO2 to almost the same extent as their
monomeric counterparts (Table I-I-1) indicating that the pH-dependent channel gating is
unaffected by the tandem construction. Introduction of one K80M-disrupted subunit to a
tandem-tetrameric channel (3wt-K80M) markedly reduced the CO2 sensitivity in
comparison to the 4wt (Fig. I-I-3A,E). Further decrease in the CO2 sensitivity was seen in
2wt-2K80M tetramers. Interestingly, both trans and cis forms of 2wt-2K80M showed the
same level of inhibition by 15% CO2 (Fig. I-I-3B,C,E). CO2 (15%) did not produce
evident inhibition in the wt-3K80M (Fig. I-I-3D,E)
In inside-out patches, the pH sensitivity of homomeric 4wt and 4K80M were
comparable to corresponding monomeric and dimeric channels (Table I-I-1). One subunit
disruption (3wt-K80M) reduced the pH sensitivity by 0.22 units (Fig. I-I-4A,E). The pH
sensitivity of the cis 2wt-2K80M shifted by 0.59 pH units toward acidic pH in
comparison to the 4wt. The pKa shift of the cis 2wt-2K80M was almost identical to that
of the trans 2wt-2K80M (0.58 pH units, Fig. I-I-4B,C,E; Table I-I-1). The h value was
identical in both of them as well (Table I-I-1). With three mutant subunits, the pH
sensitivity of the wt-3K80M was 0.80 units lower than the 4wt (Fig. I-I-4D,E). Thus,
these patch data are consistent with our whole-cell recordings, indicating that subunit
disruptions cause graded loss of the pH-dependent channel gating.
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Fig. I-I-4. Response of tandem-tetrameric channels to intracellular protons in inside-out patches. AD. Experiments were done in the same condition as Fig. I-I-2. Concentration-dependent inhibition
of the tetrameric Kir1.1 channels was seen when internal patch membranes were exposed to
acidic perfusates. All tetramers were reversibly inhibited by acidic pHi although their pH sensitivity
was different. Note that eight superimposed traces are shown in each panel of A-D. E. The pH
sensitivity of the tetramers is compared by plotting their current-pHi relationship in the same x-y
axis system. The curves were obtained as described in Fig. I-I-2D.
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Fig. I-I-5. Changes in IC50 and h with the number of wt subunit in tandem-tetrameric Kir1.1
channels. A. The pKa values are converted to H+ concentrations and shown as the H+
concentration for 50% channel inhibition (IC50). The relationship of IC50 with the number of wt
subunit is not linear in comparison to the straight line. While a great effect is produced by the
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introduction of the first wt subunit, while the second wt subunit shifts IC50 by 0.37 µM. The IC50
shifts further by 0.35 µM with the third wt subunit introduced, and a small change occurs with the
fourth one. C,D. Similar nonlinear changes in h values are revealed in the tandem-tetrameric
channels.
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To show the relationship of current response with the number of wt subunit, pKa
values were converted to proton concentrations and shown as the IC50. The relationship
of IC50 with the number of wt subunit was not linear (Fig. I-I-5A). The most prominent
shift in IC50 was produced by the first wt subunit with much smaller effects contributed
by each additional subunit. With the first wt subunit the IC50 of H+ concentration dropped
by 0.61µM, while each following subunit reduced the IC50 by 0.37, 0.35 and 0.10µM,
respectively (Fig. I-I-5B). Similar trend was also observed for h values (Fig. I-I-5C,D).

I-I-2-d. Effects of the heteromeric recombination on single-channel properties
Single channel properties of the tandem-tetrameric channels were studied in
inside-out patches using recording pipettes of ~1µm in tip diameter. The homomeric 4wt
channel was fully open with brief periods of closures at baseline (pHi 7.4, not shown).
The channel was inhibited at acidic pHi. Consistent with previous studies on monomeric
Kir1 channels (Choe et al., 1997; McNicholas et al., 1998), the inhibition was due to
enhancement of longer period closures with moderate effect on openings (Fig. I-I-6A). In
contrast, the homomeric K80M and 4K80M showed high-frequency flicking activity at
acidic pHi (Fig. I-I-6F). The changes in single-channel activity of each tandem-tetrameric
channel were compared at their pKa levels. Similar to the wt channel (Choe et al., 1997)
and the 4wt, tandem-tetrameric channels with one or two disrupted subunits (i.e., 3wtK80M, cis 2wt-2K80M and trans 2wt-2K80M) showed long periods of closures (Fig. I-I6B-D).
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Fig. I-I-6. Single-channel recording of tetrameric Kir1.1 at their pKa levels. Single-channel currents
were recorded in inside-out patches that showed only one active channel. Equal concentrations of K+
(150mM) were applied to both sides of the patch membranes with the membrane potential held at 80mV. To show changes in single-channel activity, each channel was studied at a pH level near to its
pKa. A. At pHi 6.7, the 4wt showed long periods of closures in between with bursting openings. BD. Similar single-channel activity was seen in the 3wt-K80M as well as trans and cis 2wt-2K80M
channels. E,F. In contrast, the long periods of closured were absent in the wt-3K80M and 4K80M.
Instead, high-frequency flicking activity was observed in these two tandem-tetrameric channels.
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However, the acid-induced long periods of closures were not seen in the wt-3K80M (Fig.
I-I-6E), suggesting a similarity to the 4K80M (Fig. I-I-6F). With extremel acidification
(pH<5.3) we did found the long-lasting closures in the wt-3K80M and 4K80M that were
mostly associated with channel rundown (not shown).
Dwell-time histograms were studied on patches that showed only one active
channel. At pH 7.4, the dwell-time histograms were similar among all constructs with a
long period of opening and two short periods of closures revealed (Table I-I-2). The
mean open time of these currents varied from 12 to 15ms, and their mean close times
were ~1ms (Figs. I-I-7A-D; I-I-8A-D; Table I-I-2). Clear differences were found at the
pKa levels. At such pH levels, the inhibition of the channel Popen is mostly due to the
increase in mean close time for 4wt, 3wt-K80M, trans 2wt-2K80M and cis 2wt-2K80M
(Table I-I-2), while both the reduction in the mean open time and the extension of the
mean close time contributed to the inhibition of the 3wt-K80M and 4K80M at their pKa
levels (Table I-I-2). The dwell-time histograms for channel openings were well described
with two exponentials in the 4wt, 3wt-K80M, trans 2wt-2K80M and cis 2wt-2K80M
(Fig. I-I-7A-D; Table I-I-2), while they were poorly described in the wt-3K80M by two
exponentials but better fitted with three (Fig. I-I-7K). The dwell-time histogram of
4K80M can only be fitted with three exponentials (Fig. I-I-7L; Table I-I-2). Although
dwell-time histograms for channel closures of all tandem tetramers can be expressed with
three exponentials, long-lasting closures were seen in the 4wt, 3wt-K80M, trans 2wt2K80M and cis 2wt-2K80M (Fig. I-I-8A-D; Table I-I-2), but not in the wt-3K80M and
4K80M at their pKa levels (Fig. I-I-8E,F; Table I-I-2). Thus, the dwell-time analysis
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suggests that the 3wt-K80M, trans 2wt-2K80M and cis 2wt-2K80M resemble the wt
channel, while the wt-3K80M is more like the 4K80M.
Consistent with previous studies on monomeric Kir1.2 (McNicholas et al., 1998),
a substate conductance at 40.8±2.0% (n=5) of full conductance level was seen in the
homomeric 4wt, especially at pKa level (41.6±1.5% of the full conductance, n=4, Fig. I-I9A; Table I-I-3). Such a substate conductance was also observed in 3wt-K80M, cis 2wt2K80M and trans 2wt-2K80M at neutral pH, and was more obvious at acidic pH
(41.0±0.9%~43.2±2.3% of the full conductance, n=4, Fig. I-I-9B-D; Table I-I-3).
However, the wt-3K80M and 4K80M showed completely different sublevels of
conductance at a pH near to their pKa. In the wt-3K80M, two substates of conductance
were seen with the amplitude 23.1±0.8% and 76.5±1.0% of the full conductance,
respectively (Fig. I-I-9E). In the 4K80M, sublevels of conductance of as many as three
with about equal amplitude were observed (S1=20.5±1.5%, S2=47.6±2.1% and
S3=76.2±2.1% of the full conductance level. (Fig. I-I-9F; Table I-I-3). All those
sublevels of conductance found in wt-3K80M and 4K80M at pH close to pKa were
detected at neutral pH except the small one at ~20% of full conductance level (Fig. I-I9E, F; Table I-I-3).
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Fig. I-I-7. Open-state dwell-time histograms of tandem-tetrameric channels. One active channel was
recorded from each inside-out patch in the same condition as Fig. I-I-6. At pH 7.4, the open-state
dwell-time histograms of all tetrameric channels are well fitted with one exponential. Differences
are shown at pH close to pKa. A-D. The dwell-time histograms of 4wt, 3wt-K80M, trans 2wt2K80M and cis 2wt-2K80M can be fitted using two exponentials with time constants τO1 0.2ms
and τO2 13.7ms for A at pH 6.7, 0.6ms and 18.8ms for B at pH 6.6, 0.3ms and 8.7ms for C at pH
6.1, and 0.4ms and 10.8ms for D at pH 6.1. E,F. Dwell-time histograms of wt-3K80M and 4K80M
are fitted better with three time constants, i.e., τO1 0.2ms, τO2 2.9ms and τO3 11.1ms for E at pH
5.9, and 0.3ms, 1.9ms and 11.8ms for F at pH 5.5.
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Fig. I-I-8. Closed-state dwell-time histograms of tandem-tetrameric channels. The closed-state
histograms are obtained using the same patch data in Fig. I-I-7. The time constants are described
with two exponentials at pH 7.4 with τC1 0.2~0.3 ms and τC2 0.8~1.0 ms (A–F). G–J, three
exponentials are used to fit the closed-state dwell-time histograms at their pKa levels with τC1 0.2 ms,
τC2 1.0 ms, and τC3 45.0 ms at pH 6.7 for 4wt (G); 0.3, 9.9, and 55.1 ms at pH 6.6 for 3wt-K80M (H);
0.2, 1.3, and 89.4 ms at pH 6.1 for trans 2wt-2K80M (I); 0.2, 9.9, and 35.5 ms at pH 6.1 for cis 2wt2K80M (J) 0.2, 0.8, and 8.4 ms at pH 5.9 for wt-3K80M (K), and 0.2, 1.0, and 8.3 ms at pH 5.5 for
4K80M (L). Note that the long periods of closures indicated by arrows in G–J disappear in K and L.
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Fig. I-I-9. Substate conductance of tandem-tetrameric Kir1.1 channels. Each row shows singlechannel currents at pH 7.4 and pH levels close to pKa, all-point histogram, and tetrameric sample,
from left to right respectively. The substate conductance is 40.9% of the full conductance at pH 7.4,
and 41.5% at pH 6.7 for 4wt, (A), 43.3% at pH 7.4, and 40.8% at pH 6.1 for 3wt-K80M (B), 42.3%
at pH 7.4, and 41.1% at pH 6.1 for trans 2wt-2K80M (C), 37.7% at pH 7.4, and 42.6% at pH 6.1
for cis 2wt-2K80M (D). In the wt-3K80M one substate of conductance is observed at pH 7.4 with
amplitude 74.0% of the full conductance, and two sublevels of conductance at 22.5% and ~75.2%
are shown at pH 5.9. (E). In the 4K80M, two substates of conductance at 38.0% and 70.4% of full
conductance are seen at pH 7.4, and three are observed at pH 5.5 with amplitude of 22.2%,
53.8% and 79.7% of full conductance. (F). Note that the full-state conductance remains the same
in all tandem-tetramers.
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Table I-I-2. Single channel kinetics of tetrameric constructs studied at pH 7.4 and at the
pKa level for each channel.

pKa

MTo

MTc

τc1

τc2

τc3

τo1

τo2

τo3

n

4wt
3wt-m
trans
cis
wt-3m
4m
pH 7.4
4wt
3wt-m
trans
cis
wt-3m
4m

12.8±0.9
11.3±1.3
6.7±1.1
8.1±0.8
4.2±0.6
2.5±1.0

22.4±8.7
11.3±2.5
13.3±3.7
11.4±1.9
3.0±0.3
5.1±1.5

0.5±0.0
0.4±0.1
0.4±0.1
0.5±0.1
0.3±0.0
0.2±0.0

2.3±0.2
3.4±1.8
2.6±0.7
3.0±0.4
1.1±0.1
1.4±0.3

243.4±32.4
187.4±14.8
200.1±58.2
191.3±7.9
8.8±1.0
11.7±1.8

0.2±0.0
0.4±0.1
0.3±0.0
0.3±0.1
0.2±0.0
0.2±0.0

13.3±0.7
12.4±1.4
7.5±1.3
10.1±0.6
1.8±0.3
1.2±0.3

─
─
─
─
8.8±0.9
6.1±2.0

4
4
4
4
5
4

14.7±0.3
14.1±0.6
15.2±0.4
12.5±0.2
13.5±0.9
13.4±0.6

1.0±0.0
1.0±0.0
1.1±0.0
0.9±0.0
1.0±0.0
0.9±0.0

0.3±0.1
0.2±0.0
0.3±0.1
0.2±0.0
0.2±0.0
0.2±0.0

0.9±0.3
0.8±0.0
1.0±0.3
0.8±0.0
0.8±0.1
0.8±0.1

─
─
─
─
─
─

14.6±0.3
13.9±0.5
14.8±0.4
12.4±0.1
13.5±0.9
13.2±0.6

─
─
─
─
─
─

─
─
─
─
─
─

5
4
4
4
6
4

Abbreviation: MTo, mean open time; MTc, mean closed time; τc1, time constant of the
first closure; τo1, time constant for the first opening; n, number of patches. Data are
shown as means±s.e.
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Table I-I-3. Substate conductance of tetrameric constructs studied at pH 7.4 and at the
pKa level for each channel.
pKa

Full g (pS)

S1 (pS)

S1 % of full g

S2

S2 % of full g

S3

S3 % of full g

n

4wt
3wt-m
trans
cis
wt-3m
4m
pH 7.4
4wt
3wt-m
trans
cis
wt-3m
4m

39.7±0.6
37.2±1.0
35.8±0.6
36.5±0.3
36.2±2.1
37.8±1.3

–
–
–
–
7.8±0.8
7.8±0.5

–
–
–
–
23.1±0.8%
20.5±1.5%

16.5±0.6
15.8±1.0
14.8±0.5
15.8±0.8

41.6±1.5%
42.6±2.3%
41.0±0.9%
43.2±2.3%

18.0±1.2

47.6±2.1%

–
–
–
–
27.2±1.3
29.4±1.3

–
–
–
–
76.5±1.0%
76.2±2.1%

4
5
4
4
4
4

39.5±0.7
40.6±0.7
40.5±1.7
39.6±0.7
38.9±0.9
39.6±0.7

–
–
–
–
–
–

–
–
–
–
–
–

16.1±0.8
17.4±0.3
15.4±1.3
16.0±0.4
–
17.8±1.5

40.8±2.0%
43.7±1.0%
37.9±2.1%
40.5±1.7%
–
44.8±3.0%

–
–
–
–
29.6±1.3
33.0±1.1

–
–
–
–
75.9±1.7%
78.2±3.4%

5
4
4
4
5
4

Abbreviation: g, unitary conductance; S1, the 1st substate conductance; S2, the 2nd
substate conductance; S3, the 3rd substate conductance. Data are shown as means±s.e.
Note that “–“ indicates substate conductance undetectable.
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I-I-3. Discussion
By selective disruption of one or more subunits, we have studied subunit
stoichiometry for the Kir1.1 channel gating by intracellular protons. Although the K80M
mutation severely disrupts the pH-dependent channel gating of homomeric Kir1.1
channels, it does not have a dominant-negative effect on the heteromeric channels.
Instead, the heteromeric dimers and tetramers show graded reduction in their pH
sensitivity with increasing number of the K80M-mutant subunits. Although the full pH
sensitivity requires all four functional subunits, one wt subunit is sufficient to enable
significant pH sensitivity. Among these subunits a coordination of two subunits in either
trans or cis pair appears important for the pH-dependent gating of Kir1.1 channel.

Kir1 channels including ROMK1 and ROMK2 are expressed in the ascending
limb of Henle and the cortical collecting duct, and play an important role in K+
homeostasis (Wang, 1999; Hebert, 2003). Although they are modulated by several
intracellular messengers such as PIP2, PKA, PKC and WNK4 (McNicholas et al., 1994;
Kahle et al., 2003; Huang, 2001), proton is the major regulator (Tsai et al., 1995; Fakler
et al., 1996; Choe et al., 1997; Schulte et al., 1999; Xu et al., 2000a; Xu et al., 2000c;
Chanchevalap et al., 2000; McNicholas et al., 1998). While the Kir1 channels are widely
open at physiological pH levels, intracellular acidosis causes strong inhibition of these
channels (Fakler et al., 1996; Choe et al., 1997; Schulte et al., 1999; Xu et al., 2000a; Xu
et al., 2000c; Chanchevalap et al., 2000; McNicholas et al., 1998). Genetic mutations of
the Kir1 channels which were found in patients with Bartter syndrome affect the channel
sensitivity to pHi (Schulte et al., 1999; Flagg et al., 2002). The Lys80 has been shown to
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be a critical player in the pH sensitivity, as mutation of this residue to a methionine
greatly reduces the pH sensitivity of Kir1 channels (Fakler et al., 1996; McNicholas et al.,
1998). Creation of this residue makes the Kir2.1 channel pH-sensitive (Fakler et al.,
1996). Such a lysine residue is also found in Kir1.2, Kir4.1 and Kir4.2 channels, in which
similar disruption of the pH sensitivity has been observed following site-specific
mutation (Choe et al., 1997; McNicholas et al., 1998; Yang et al., 2000; Pessia et al.,
2001). In addition to the Lys80, several other residues are involved in the pH sensitivity
of the Kir1 channels. Four of six histidine residues located in the C terminus (His225,
Hir274, His342 and His354) have been shown to play a part in the channel sensitivity to
pHi. Mutation of any of them reduced the pH sensitivity by 0.2-0.3 pH units
(Chanchevalap et al., 2000). Arg41, Thr51 (in Kir1.2), Val66, Asn171 and Arg311 all
contribute to the pH sensitivity of Kir1 channels (Choe et al., 1997; Schulte et al., 1999;
Xu et al., 2000a; Xu et al., 2000c). These residues are either non-titratable or titrated at
high pH levels, and are believed to shift the pKa of Lys80 to physiological pH levels
(Choe et al., 1997; Schulte et al., 1999). Although a number of other residues and protein
domains are also involved, the Lys80 is a determinant player in the pH sensitivity of
homomeric Kir1.1 channel.
The subunit functional stoichiometry has been studied previously in several Kir
channels. Mutation on the signature sequence of the selectivity filter GYG to AAA
results in none conductive K+ channel (Kubo et al., 1993; Kuzhikandathil et al., 2000).
This has been widely used in transgenic mice to suppress certain Kir currents because of
its dominant negative effect (McLerie et al., 2003). Some other naturally occurring
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mutations in Kir channels that cause diseases also show dominant-negative effect (Flagg
et al., 1999; Kunzelmann et al., 2000). However, systematic studies reveal more
complicated situations with regard to subunit contributions. The closure of the ATPsensitive K+ channels has been shown to be produced by occupation of one of the SUR
subunits (Dorschner et al., 1999). The tetrameric Kir2.1 channel largely retains its
sensitivity to Mg2+ and polyamine when there are three subunits carrying mutations that
abolish Mg2+ and polyamine blockade (Yang et al. 1995). Activation of the GIRK
channels by Gβγ results from graded effects, requiring at least three Gβγ to bind to the
channel protein to achieve full channel activation (Sadja et al., 2002).
The subunit stoichiometry is well demonstrated in several other intracellularligand-gated ion channels. Ruiz and Karpen (1997) have found that the opening of CNG
channels requires at least two cyclic nucleotide molecules, while the binding of each
successive cyclic nucleotide can further enhance the channel opening. Similar
observations were made by Rosenmund et al. (1998) in AMPA type glutamate receptor.
In contrast, Liu et al. (1998) and Ulens et al. (Ulens and Siegelbaum, 2003) have shown
that the binding of a single cyclic nucleotide molecule is enough to increase the channel
opening of the CNG and the hyperpolarization- and cyclic nucleotide-activated HCN
channels. They have also found that the successive binding of more ligands provides a
none linear enhancement of the channel activation, and two ligands bound in trans
configuration produce a greater effect than in cis configuration (Liu et al., 1998; Ulens
and Siegelbaum, 2003). Their studies suggest that ligand binding to four subunits of the
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CNG and HCN channels promote the formation of dimer of dimers and activate the
gating mechanisms.
Our stoichiometric studies of the Kir1.1 channel reveal that the K80M mutation
does not have a dominant-negative effect on the heteromeric channels. Indeed, our results
suggest that each individual subunit contributes to pH dependent gating of the Kir1.1
channel. The pH sensitivity of the heteromeric channels drops with a decrease in the
number of wt subunits. A reduction of 1 pH units is found when all Lys80 are mutated in
a tandem-tetrameric channel. These results thus suggest that one functional subunit is
sufficient to act on the pH-dependent gating of the Kir1.1 channel, although the full pH
sensitivity requires contributions of all four subunits. This result is in agreement with
previous observations on the CNG and HCN channels (Liu et al., 1998; Ulens and
Siegelbaum, 2003; Labarca et al., 1995; Schonherr et al., 1999).
These subunit stoichiometric studies allow us to appreciate an interesting finding:
most of shifts in pKa and h values results from the introduction of the first single wt
subunit, whereas additions of an extra subunit have smaller effects. This result does not
support positive cooperativity as suggested by the steep titration curve with high h value
in Kir1 channels (Tsai et al., 1995; Fakler et al., 1996; Xu et al., 2000c; McNicholas et
al., 1998). Although this finding by itself may not be adequate to indicate negative
cooperativity that has been observed previously in several other ion channels and
receptors (Gentet and Clements, 2002; MacGregor et al., 2002; Gunderson et al., 1994), it
demonstrates a feasibility for further studies. The function attributed to the negative
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cooperativity is unclear. It may be involved in subunit coordination in a tetrameric
channel.
The pH-dependent gating of Kir1.1 channel relies on specific subunit
coordination. The wt Kir1.1 shows a single substate conductance at ~40% of the full
conductance level. Disruption of all four subunits results in two new substates of
conductance, likely to result from the relieved independence of individual subunits. It is
worth noting that the newly appeared substates of conductance cannot be explained with
flickering activity, since no second full conductance is seen in these recordings, since a
single-substate conductance should not produce two or three substates with amplitudes
distinct from the original one. Both these new substates disappear when there are two or
more wt subunits in a tetrameric channel, suggesting that the four subunits are
coordinated in pairs. Supporting this idea are our data indicating that channels with less
than two wt subunits show flickering activity (Fig. I-I-6E,F), new opening events (Fig. II-7K,L), and a loss of the long-lasting closures (Fig. I-I-8K,L) during intracellular
acidification. Thus, it is possible that four subunits are coordinated in functional dimers
as suggested previously in CNG and HCN channels (Liu et al., 1998; Ulens and
Siegelbaum, 2003). Although each subunit has significant contribution to the gating
process, a bigger step is achieved when the potential functional dimer is recruited.
Interestingly, the subunit coordination in the Kir1.1 channel does not require specific
conformation of the functional dimers. Both cis and trans conformations have identical
effects, which makes a clear contrast to that found in the CNG and HCN channels (Liu et
al., 1998; Ulens and Siegelbaum, 2003). Since the Lys80 is located behind the TM2
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bundle of crossing, the interaction site for the dimers does not seem to occur at this
location, perhaps in the C terminal instead. With the functional dimers, the wild types of
channel closures, substate conductance and pH sensitivity may be largely maintained
when one or two of the subunits are disrupted.
In conclusion, the Kir1.1 gating by intracellular protons requires special subunit
stoichiometry. While all four subunits are needed for full strength of channel inhibition, a
single subunit is sufficient to activate the pH-dependent gating mechanism. These
subunits appear to act as two dynamic functional dimers in the pH-dependent gating of
Kir1.1 channel, and the coordination between two subunits can occur in either trans or cis
configuration.

82

I-I-4. Summary and Conclusions
Kir1.1 channel regulates membrane potential and K+ secretion in renal tubular
cells. This channel is gated by intracellular protons, in which a lysine residue (Lys80)
plays a critical role. Mutation of the Lys80 to a methionine (K80M) disrupts the pHdependent channel gating. To understand how and individual subunits in a tetrameric
channel are involved in pH-dependent channel gating, we performed these studies by
introducing K80M-disrupted subunits to tandem-tetrameric channels. The pH sensitivity
was studied in whole-cell voltage clamp and inside-out patches. Homomeric tetramers of
the wt and K80M-disrupted channels showed pH sensitivity almost identical to their
monomeric counterparts. In heteromeric tetramers and dimers, the pH sensitivity was a
function of the number of wt subunits. Recruitment of the first single wt subunit shifts the
pKa greatly, whereas additions of any extra wt subunit had smaller effects. Singlechannel analysis revealed that the tetrameric channel with two or more wt subunits
showed one substate conductance at ~40% of the full conductance, suggesting that four
subunits act as two pairs. However, three and four substates of conductance were seen in
the tetrameric wt-3K80M and 4K80M channels. Acidic pH increased long-time closures
when there were two or more wt subunits. Disruption of more than two subunits led to
flickering activity with appearance of a new opening event and loss of the long period of
closures. Interestingly, the channel with two wt subunits at diagonal and adjacent
configurations showed the same pH sensitivity, substate conductance and long-time
closure. These results thus suggest that one functional subunit is sufficient to act in the
pH-dependent gating of the Kir1.1 channel, the channel sensitivity to pH increases with
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additional subunit, the full pH sensitivity requires contributions of all four subunits, and
two subunits may be coordinated in functional dimers of either trans or cis configuration.
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I-II-1. Introduction
The KATP channels play a role in cellular responses to metabolic status (Ashcroft
and Gribble, 1998; Seino, 1999). The KATP channel is an octamer consisting of four porelining Kir6.x subunits and four peripheral SURx subunits. Each Kir6.x subunit has two
TM1, TM2 and a pore-forming (P) loop. The KATP channel activity is controlled by ATP,
ADP and phospholipids (Ashcroft and Gribble, 1998; Seino, 1999). In addition, these
channels are gated by intracellular protons (Davies, 1990). The pH-dependent activation
of KATP channels has a profound impact on cellular function and responses to metabolic
stress, as a significant drop in intracellular pH is more frequently seen under a number of
physiological and pathophysiological conditions than a sole decrease in intracellular ATP
levels (Davies et al. 1991). The protonation site has been identified to be His175 in the
Kir6.2 (Xu et al. 2001a,b), allowing further studies of the pH-dependent channel gating.
Several other AA residues are known to be critical for the Kir6.2 channel gating. Cys166
in the TM2 region is one of them, mutation of which to serine or alanine eliminates KATP
channel gating by multiple channel regulators including ATP, protons and sulfonylurea
(Trapp et al. 1998a; Piao et al. 2001). A threonine residue (Thr71) located at the
boundary of the TM1 and N terminus has a similar effect. Mutation of the Thr71 to a
bulky AA (phenylalanine, tyrosine or arginine) abolishes channel gating by both ATP
and protons (Trapp et al. 1998a; Piao et al. 2001). The ubiquitous effects on channel
sensitivity to more than one ligand molecule indicate that Cys166 and Thr71 participate
in channel gating rather than ligand binding (Trapp et al. 1998a; Piao et al. 2001; Cui et
al. 2003).
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In contrast to the rich information of AA residues and protein domains in KATP
channel sensitivities to specific ligand molecules, the channel gating mechanisms are still
elusive. Since site-specific mutation of either His175, Cys166 or Thr71 is sufficient to
disrupt the proton-dependent gating of the homomeric Kir6.2 channel, it is possible that
studies can be designed using these identified residues to target proton binding and
channel gating in a given number of subunits. Such studies may yield information about
how proton binding to the C terminus is coupled to membrane helices. Moreover, the
stoichiometric studies may shed insight into ligand binding, channel gating, bindinggating coupling, subunit coordination, cooperativity, dominant-negative effect and
minimal number of functional subunits required for channel gating. The above
information cannot be obtained by studying the homomeric channels. One alternative
approach is to construct dimeric and tetrameric concatemers carrying one or more of
H175K, C166S and T71Y mutations. Our study may improve the understanding about
those transient events in ligand binding and channel gating. To simplify our experimental
subjects we chose to use the Kir6.2 with 36 AAs truncated at the C terminus, i.e.,
Kir6.2∆C36, because it expresses ATP- and pH-dependent currents without the SUR
subunit (Tucker et al. 1997; Xu et al. 2001a, b), and the SUR subunit is not required for
the pH sensitivity (Xu et al. 2001a; Wu et al. 2002b). The pH-dependent Kir6.2 channel
gating was studied in whole-cell recordings using 15% CO2, since low pH causes rapid
Kir6.2 channel rundown in excised patches (Xu et al. 2001a, 2001b; Piao et al. 2001; Wu
et al. 2002b) and since we have characterized the CO2 effect on intra- and extracellular
pH (Zhu et al. 2000; Xu et al. 2000b, 2001a).
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I-II-2. Results

I-II-2-a.Proton-dependent gating of monomeric and tandem-dimeric Kir6.2 channels
Kir6.2∆C36 was expressed in Xenopus oocytes. The whole-cell currents were
recorded as reported previously (Tucker et al. 1997; Xu et al. 2001a). The Kir6.2 currents
showed strong inward rectification with the current amplitude averaging 2.1±0.4 µA
(n=14, measured at -160mV). Injection of the vector alone did not yield the inward
rectification currents. Exposure of the oocyte to 15% CO2 produced strong and reversible
activation of the inward rectifying currents (Fig. I-II-1A). The effect was mediated by pH
rather than molecular CO2, as intracellular, but not extracellular, acidification to the same
levels as seen during CO2 exposures produced the same degrees of channel activation
(Xu et al. 2001a). The proton sensor for the acid induced activation has been
demonstrated to be His175 in our previous studies (Xu et al. 2001a, 2001b; Wu et al.
2002b). Mutation of this residue to alanine or lysine (H175A, H175K) totally eliminated
the CO2 effect on the whole-cell currents, and the channel was inhibited during
acidification. (Table I-II-1; Fig. I-II-1B). Cys166 and Thr71 are two non-titratable sites
that are also critical for the pH sensitivity of the Kir6.2 channel. Mutation of Cys166 to
serine and Thr71 to tyrosine has been reported to stabilize the channel at open
conformation (Trapp et al., 1998a; Cui et al., 2003), and the mutant channels were no
longer sensitive to acidification (Piao et al. 2001; Cui et al., 2003). Instead, the C166S
and T71Y mutant channels were inhibited during acidosis by 13.5±1.1% (n=9) and
5.0±1.3% (n=5), respectively (Table I-II-1; Fig I-II-2C, D).
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Fig. I-II-1. The effect of hypercapnic acidosis on monomeric Kir6.2 channels. Whole-cell currents
were studied in two-electrode voltage clamp in Xenopus oocytes that received an injection of the
wild-type Kir6.2∆C36 or its mutants. A series of voltage commands (from –160mV to 140mV with
20mV increments at a holding potential of 0mV) was applied to the cells in a bath solution
containing 90 mM K+. A. Under this condition, clear inward rectifying currents were seen in the
oocyte 3 days after the injection of the wild-type Kir6.2∆C36. These currents were strongly and
reversibly activated when the cell was exposed to 15% CO2. Similar experiments were performed
on the H175K (B), C166S (C) and T71Y (D), all of which lost the pH sensitivity. The currents
instead were inhibited during CO2 exposure. Calibration: 200ms/2µA for A, B; 200ms/4µA for the
rest. E. Schematic of transmembrane topology of the Kir6.2 channel and locations of His175K,
Cys166 and Thr71. The whole cell recordings were performed by Dr. Ningren Cui.
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Table I-II-1. CO2 sensitivity of all Kir6.2 constructs.
Construct
Monomer
Kir6.2∆C36
H175K
C166S
T71Y
Tandem-dimer
wt-wt
wt-H175K
H175K-H175K
wt-C166S
C166S-C166S
wt-T71Y
T71Y-T71Y
Tandem-tetramer
4wt
H175K
3wt-H175K
trans 2wt-2H175K
cis 2wt-2H175K
wt-3H175K
4H175K
C166S
3wt-C166S
trans 2wt-2C166S
cis 2wt-2C166S
wt-3C166S
4C166S
T71Y
3wt-T71Y
trans 2wt-2T71Y
cis 2wt-2T71Y
wt-3T71Y
4T71Y

WBL Current (µA)

CO2 Effect (%)

2.1 ± 0.4 (14)
9.1 ± 3.0 (6)
14.1 ± 2.4 (9)
9.1 ± 3.1 (5)

130.3 ± 12.2 (14)
–18.6 ± 2.7 (6)
–13.5 ± 1.4 (9)
–5.0 ± 1.3 (5)

1.4 ± 0.2 (8)
4.2 ± 0.4 (7)
7.2 ± 1.0 (5)
8.3 ± 3.5 (4)
13.4 ± 1.3 (5)
3.9 ± 0.4 (5)
2.5 ± 0.4 (5)

123.3 ± 8.2 (8)
30.5 ± 1.6 (5)
–19.2 ± 0.9 (5)
35.6 ± 6.9 (4)
–13.1 ± 1.6 (5)
74.1 ± 9.4 (5)
– 5.5 ± 1.8 (5)

1.4 ± 0.1 (4)

120.4 ± 9.9 (4)

2.7 ± 0.5 (10)
1.7 ± 0.2 (11)
2.2 ± 0.2 (9)
7.2 ± 0.2 (6)
3.4 ± 0.3 (7)

58.1 ± 4.2 (6)
25.9 ± 1.4 (11)
24.5 ± 2.2 (9)
–6.5 ± 0.4 (6)
–24.0 ± 2.7 (7)

2.3 ± 0.3 (4)
3.0 ± 0.4 (5)
3.9 ± 0.4 (5)
19.0 ± 3.7 (4)
14.2 ± 0.9 (4)

65.1 ± 9.7 (4)
35.7 ± 2.4 (5)
36.3 ± 4.4 (5)
–0.9 ± 0.5 (4)
–15.6 ± 1.6 (4)

2.8 ± 0.6 (6)
2.8 ± 0.5 (7)
6.8 ± 1.1 (9)
5.8 ± 1.3 (4)
3.4 ± 0.4 (6)

90.1 ± 6.1 (6)
62.3 ± 9.4 (7)
61.6 ± 3.4 (9)
16.1 ± 1.2 (4)
–3.8 ± 2.8 (6)

All mutant channels were constructed on Kir6.2∆C36. Abbreviation: WBL, whole-cell baseline; m, mutant;
w/wt, wild type. Data are presented as means ± s.e. with number of observation in parentheses. The whole
cell recordings for monomers were performed by Dr. Ningren Cui. The dimers and tetramers were
performed by Dr. Junda Su, with the 4wt finished by Drs. Xueren Wang, Junda Su and Mr. Yun Shi
together. Dr. Xueren Wang also contributed to some of the recording trans 2wt-2H175K and trans 2wt2T71Y.
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Fig. I-II-2. Response of concatenated-dimeric Kir6.2 channels to acidic pH. A. Concatenated
dimer made of two wt subunits remained to be activated by acidic pH to a similar degree as the
monomeric Kir6.2∆C36. The pH sensitivity was completely eliminated in concatenated dimers
with both subunits disrupted with the H175K (C), C166S (E) or T71Y (G) mutation. Intermediate
response to 15% CO2 was seen in heteromeric dimers containing the H175K (B), C166S (D) or
T71Y (F) mutation. Calibration: 200ms/2µA for A-C; 200ms/8µA for D, E; 200ms/4µA for the rest.
H. Percentage activation and inhibition of the inward rectifying currents of monomeric and dimeric
Kir6.2 channel and its mutants. Data are presented as means ± s.e. (n =4-8). Dr. Junda Su
performed the whole cell recording (A-G).
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To determine how the proton sensor in each subunit contributes to the pHdependent channel gating, three dimeric concatemers were constructed based on the
Kir6.2∆C36 (referring to the wild-type or wt in the present study) and the H175K, i.e.,
wt-wt, wt-H175K and H175K-H175K. All of the dimers expressed inward rectification
currents with amplitude of 1.4 to 7.2 µA (Table I-II-1; Fig. I-II-2A-C). Exposure of the
oocytes to 15% CO2 led to activation of wt-wt channel by 123.3±8.2% (n=8) similar to
the homomeric Kir6.2∆C36 (Fig. I-II-2H). Like the monomeric H175K channel, the
dimeric H175K-H175K totally lost the channel activation by CO2. Instead, the channel
was inhibited during hypercapnic acidosis (Table I-II-1; Fig. I-II-2C, H). The currents of
heteromeric wt-H175K were inhibited by 30.5±1.6% (n=5) during CO2 exposure (Table
I-II-1; Fig. I-II-2B,H).
The dimeric T71Y-T71Y and C166S-C166S behaved like their monomeric
counterparts, which were both inhibited to the same degree during CO2 exposure as
monomeric T71Y and C166S (Table I-II-1; Fig. I-II-2E,G,H). In contrast, the heteromeric
wt-C166S was activated to about the same level as the wt-H175K when exposed to 15%
CO2 (Table I-II-1; Fig. I-II-2D,H). The stimulatory effect of CO2 was doubled and
reached 74.1±9.4% (n=5) in the heteromeric wt-T71Y (Table I-II-1; Fig. I-II-2F,H). The
partial pH sensitivity of the heteromeric channels indicates that none of His175, Cys166
and Thr71 has a dominant negative effect.
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Fig. I-II-3. CO2 sensitivity of H175K concatenated tetramers. A. The concatenated tetramer with 4
wt subunits (4wt) was augmented by hypercapnic acidosis to the same degree as its monomeric
and dimeric counterparts. B. The 3wt-H175K was stimulated during CO2 exposure. C,D. The trans
2wt-2H175K responded to CO2 similarly as the cis 2wt-2H175K. E. The wt-3H175K lost its CO2
sensitivity. F. The 4H175K was even inhibited with CO2 exposure. Calibration: 200ms/2µA for A;
200ms/3µA for the rest. The whole cell recording for 4wt channel was conducted by Dr. Xueren
Wang, Junda Su and Yun Shi. Others were performed by Dr. Junda Su.
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I-II-2-b. Stoichiometry of proton binding
To understand the subunit stoichiometry for the proton binding, tetrameric
concatemers were constructed with the wt and H175-disrupted subunits. The channels
with two functional subunits located at adjacent and diagonal positions were named cis
and trans 2wt-2 H175K, respectively. All concatenated-tetrameric constructs were
functionally expressed with properties, such as inward rectification, current amplitude
and time-dependent activation and inactivation kinetics, indistinguishable from the
monomeric and dimeric wt channels (Fig. I-II-3). Also similar to the wt channel was the
pH sensitivity of the 4wt, which was augmented by 120.4±9.9% (n=4, P>0.05) during
15% CO2 exposure (Fig. I-II-3A; Table I-II-1). Disruption of one functional subunit
caused a loss of the pH sensitivity by ~50% in the 3wt-H175K (Fig. I-II-3B). Both cis
and trans 2wt-2 H175K were activated moderately by acidic pH by ~25%, levels that did
not show any statistical difference between these two configurations (P>0.05, n=8) (Fig.
I-II-3C,D; Table I-II-1) With three subunits disrupted, the wt-3H175K became
completely insensitive to hypercapnic acidosis, and was even slightly inhibited during
CO2 exposure (Fig. I-II-3E). Like its monomeric dimeric counterparts, the 4H175K was
inhibited by 24.0±2.7% (n=7) during the CO2 exposure (Fig. I–II-3F). This inhibition is
known to be caused by protonation of three histidine residues located further downstream
the H175 (His186, His193 and His216) (Xu et al. 2001b). Since these histidine residues
exist in all constructs, we tentatively considered the small inhibition produced to be
constant and normalized them to zero when performing current normalization (see
below).
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I-II-2-c. Stoichiometry of channel gating
In contrast to His175, Cys166 and Tyr71 are not titratable, and their role in the pH
sensitivity of Kir6.2 channel is very likely to be related to channel gating or the coupling
of ligand binding to channel gating. To understand the stoichiometry of channel gating,
therefore, we constructed tetrameric concatemers using the C166S and T71Y to disrupt
functional subunits. Baseline properties of the concatenated tetramers with C166Sdisrupted subunits were almost the same as the monomeric and dimeric channels of the
C166S. Similar to H175K subunit disruption, tetrameric concatemers with C166Sdisrupted subunits showed graded losses of the pH sensitivity. Disruption of one
functional subunit reduced the pH-dependent channel activation to 65.1 ± 9.7% (n=4)
(Fig. I-II-4A). With two subunits disrupted, the trans 2wt-2C166S was still augmented by
35.7 ± 2.4% (n=5) which was almost identical to the level of the cis 2wt-2C166S channel
activation (Fig. I-II-4B,C; Table I-II-1). Also similar to the H175K constructs, the wt3C166S and 4C166S were slightly and markedly inhibited during CO2 exposure,
respectively (Fig. I-II-4D,E; Table I-II-1). These results suggest that the channel gating
stoichiometry revealed with C166S subunit disruption is similar to that produced with
H175K.
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2wt-2T71Y. D. The wt-T71Y was insensitive to CO2. E. The 4 T71Y was even inhibited during CO2
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Su conducted the whole cell recording.
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Tetrameric concatemers with T71Y-disrupted subunits showed a similar pattern as
the C166S constructs. Although the trans 2wt-2T71Y had slightly higher pH sensitivity
than the cis, the difference was statistically insignificant (P>0.05). These concatemers
were more sensitive to pH than the H175K and C166S constructs. The 3wt-T71Y was
augmented by 90.1 ± 6.1% (n=6) during CO2 exposure, which was significantly higher
than that of the H175K and C166S (P<0.05) (Fig. I-II-5A). Also more strongly activated
were the trans and cis 2wt-2T71Y constructs (Fig. I-II-5B,C; Table I-II-1). The wt3T71Y remained to be activated, while the 4T71Y was modestly inhibited with
hypercapnia (Fig. I-II-5D,E; Table I-II-1).

I-II-2-d. Subunit cooperativity and coordination
To reveal subunit cooperativity, the percentage channel activation was plotted
against number of disrupted subunits. The inhibition seen in 4H175K, 4C166S and
4T71Y was normalized to 0.01, and the maximum activation was normalized to 0.99. The
plots were then compared to two classes of models with and without cooperativity (see
Methods). The HH model describes channel gating process produced by independent
action of individual subunits (Hodgkin and Huxley, 1952; Liu et al., 1998; Ulens and
Siegelbaum, 2003), whereas the MWC model describes positive cooperativity, in which
four subunits undergo a single concerted transition between channel opening and closure
(Monod et al., 1965; Liu et al., 1998; Ulens and Siegelbaum, 2003). All H175K, C166S
and T71K constructs resembled the MWC model but not the HH model (Fig. I-II-6B-D),
suggesting the existence of positive cooperativity for the proton-dependent Kir6.2
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channel gating. The normalized activations of the constructs with H175K mutation were
compared with the corresponding constructs carrying C166S or T71K mutations.
Significant differences were found between all H175K and T71Y tetramers except 4175K
and 4T71Y (P<0.05), but not between H175K and C166S constructions (P>0.05).
Introduction of the first functional subunit had a rather small effect on the pH
sensitivity. Such an effect was much more evident with the joining by the second
functional subunit. Indeed, the channels gained about 30% of the pH sensitivity with two
functional subunits (Fig. I-II-6A). This was more evident for the T71Y constructs.
Although two functional subunits enabled significant pH sensitivity, the full scale
channel gating by intracellular protons required all four subunits (Fig. I-II-6A). The step
increases in the pH sensitivity also suggest special subunit coordination. The increase in
pH sensitivity mostly occurred with the introduction of the second and fourth subunits
except the 4T71Y (Fig. I-II-6E-F). Thus, these observations suggest that the subunits may
work as two pairs of functional dimers in the pH-dependent channel gating.
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Fig. I-II-6. Subunit coordination and cooperativity in the pH-dependent Kir6.2 channel gating. A.
Percentage effect of 15% CO2 on concatenated tetramers. Data are presented as means ± s.e. (n =
4-11). B-D. Plots of current activation versus the number of wt subunits. Open square, data
prediction based on the HH model; open diamond, prediction with the MWC model (see text for
details). B. The plot of tetrameric H175K (solid circle) closely resembles the MWC model. Similar
results are seen in the C166S (C) and T71Y plots (D). Upper triangle, the cis tetramers; down
triangle, heteromeric dimers. E-F. Percentage changes in current activation in the presence of
different numbers of wt subunits. Although the introduction of every new wt subunit leads to a
leap in the channel activation, greater effects were seen with the second one. Similar effects were
also seen with the fourth wt subunit except the 4T71Y.
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I-II-3. Discussion
This is the first demonstration on the subunit stoichiometry of Kir6.2 channel
gating by a specific ligand molecule. The proton-binding and channel-gating mechanisms
were selectively disrupted in different number of subunits. Our data have shown that such
a channel gating requires all four subunits although two of them can produce significant
pH sensitivity. There is strong positive cooperativity among subunits in proton binding
and channel gating. The similarity in subunit stoichiometry for proton binding and
channel gating suggests that the channel gating signal or movement comes directly from
the C terminus where protons bind to.

I-II-3-a. Channel sensitivity to intracellular pH
While most Kir channels (Kir1.1, Kir1.2, Kir2.3, Kir2.4, Kir4.1, Kir4.2 and the
heteromeric Kir4.1-Kir5.1) are inhibited by acidic pH, the KATP channels are activated
followed by strong inhibition with intracellular acidification (Coulter et al., 1995; Shuck
et al., 1997; Tsai et al., 1995; Hughes et al., 2000; Fakler et al., 1996; Zhu et al., 1999;
Pessia et al., 2001; Yang et al., 1999; Yang et al., 2000; Xu et al., 2001a, b). The channel
inhibition is not seen in whole-cell recording and has been shown to be related to channel
rundown (Xu et al., 2001a, b). Therefore, the channel activation by acidic pH is an
important regulatory mechanism of the channels. In fact, the pH sensitivity has been
shown to allow the channels to regulate skeletal muscle excitability and vascular tone
(Davis, 1991; Chrissobolis et al., 2003). We have previously shown that the pH
sensitivity of the KATP channels is an inherent property of the channel that depends on the
Kir6 subunit but not the SUR1 (Xu et al. 2001a). More importantly, we have identified
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the protonation site (His175) in the Kir6.2 subunit (Xu et al. 2001b). The fact that the
His175 is the only protonation site in the Kir6.2 subunit has allowed us to further identify
critical protein domains and AA residues that play a role in channel gating but not in
proton binding (Piao et al. 2001; Cui et al. 2003). These include Cys166 and Thr71, both
of which are involved in the Kir6.2 channel gating by multiple ligand molecules (Trapp
et al., 1998a; Cui et al., 2003; Piao et al., 2001; Wu et al., 2004).

I-II-3-b. Proton binding versus channel gating
The demonstration of specific sites that play a critical role in ligand binding and
channel gating makes it possible to study subunit stoichiometry for these channel
functions. Although we have recently shown subunit stoichiometry for Kir1.1 channel
gating using the K80M to disrupt individual subunits (Wang et al., 2005b), there are still
uncertainties as to whether the Lys80 in Kir1.1 is a protonation site, a site for channel
gating or both. Therefore, the Kir6.2 with the well defined proton sensor (His175) and
gating sites (Cys166 and Thr71) appears more helpful to understand the ligand-binding,
channel gating and binding-gating coupling. By selectively disrupting proton binding in a
given number of subunits, we have seen graded losses of the pH sensitivity with a
decrease in wt subunits. The stoichiometric pattern is quite similar to that revealed by
channel gating disruption with the C166S mutation. The similarity as well as the close
location of these two residues suggests that the signal of conformational change produced
by proton binding to His175 is directly coupled to the membrane helices where the
Cys166 is found. Although the T71Y constructs also show stepwise reductions in the pH
sensitivity, the degree is significantly less for every concatenated constructs than that for
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H175K and C166S constructs. These results suggest that the conformational change
produced by protonation of a C-terminal residue is also coupled to the base of the N
terminus or the TM1 helix whose conformational change is equally important for the
channel gating. Recent studies in CNG, Kir and Kv channels have shown that protein
domains at near the membrane-spanning sequences play an important role in channel
gating (Varnum and Zagotta, 1997; Meera et al. 1997; Drain et al. 1998; Schulte et al.
1999; Tucker et al. 1998; Minor et al. 2000; Qu et al. 2000). During the gating process,
these protein domains may move or interact with each other leading to a change in
protein conformation and channel activity. Certain physical interaction between these
intracellular termini as well as between the TM1 and TM2 has been demonstrated
(Tucker and Ashcroft, 1999; Wang et al. 2005a). Such interaction has been shown not
only to affect the channel opening and closure but also to determine how the channel
gating movement is proceeded (Wang et al. 2005a). Therefore, it is possible that proton
binding to the C terminus initiates a cascade of conformational changes involving the C
terminus, N terminus and their linked membrane helices.

I-II-3-c. Cooperativity and coordination
These studies allow us to have a close look at several stoichiometric mechanisms
that have not been seen previously in the monomeric channels. First, none of the His175,
Cys166 and Thr71 has a dominant negative effect, although mutation of each of them
completely eliminates the pH-dependent Kir6.2 gating (Xu et al., 2001b; Trapp et al.,
1998a; Cui et al., 2003). Second, there is extensive positive cooperativity among the
subunits for proton binding as well as channel gating. Such a positive cooperativity is
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consistent with previous studies on the wt channel showing a high value of the Hill
coefficient in excised patches (Xu et al., 2001a, 2001b). In the close vicinity of the
Cys166, another residue Thr171 has been found to play also an important role in Kir6.2
channel gating (Drain et al. 2004). Co-injection of the T171A and wt cRNAs reveals that
the Thr171 forms an inhibition gate and its movements require the concerted, rather than
independent, action of all four Thr171 regions (Drain et al. 2004), consistent with our
finding in the C166S constructs. Third, subunits appear to be coordinated in functional
dimers during channel gating. The existence of functional dimers, which is in agreement
with several previous studies in other tetrameric ion channels (Liu et al., 1998; Ulens and
Siegelbaum, 2003; Wang et al., 2005b), seems to lead to higher pH sensitivity and greater
response in channel activity to acidic pH. Fourth, two subunits in trans configuration may
interact as a functional dimer as those in cis configuration, consistent with our previous
observations in the Kir1.1 channel (Wang et al. 2005b). Finally, the pH-dependent gating
can be fulfilled by two functional subunits, although the full pH sensitivity requires all
four subunits in the channel. With these subunit coordination and cooperativity, the pHdependent Kir6.2 channel gating can be largely preserved even with disruptions of one or
two functional subunits.
In conclusion, the pH-dependent Kir6.2 channel gating has been studied by
selective disruptions of proton binding and channel gating mechanisms. Several novel
findings have been made including the stoichiometry for proton binding and channel
gating, subunit coordination and cooperativity. Such information may help understand the
ligand-dependent gating of the KATP channels as well as other ligand-gated ion channels.
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I-II-4. Summary and Conclusions
The KATP channels are gated by several metabolites, whereas the gating
mechanism remains poorly understood. Kir6.2, a subunit of the pancreatic and striated
muscular KATP channels, has all machineries for ligand binding and channel gating. In the
Kir6.2, His175 is the protonation site, and Thr71 and Cys166 are involved in channel
gating. Here we show subunit stoichiometry for proton binding and channel gating by
selectively disrupting functional subunits in a tetrameric channel using mutations of these
residues. All homomeric dimers and tetramers showed pH sensitivity similar to the
monomeric channels. Heteromerization with the wild-type and disrupted subunits
revealed that none of these sites had a dominant-negative effect on proton-dependent
channel gating. Subunit stoichiometry for proton binding was almost identical to that for
channel gating involving the Cys166, suggesting a one-to-one coupling from the proton
binding to the channel gating between the C terminus and TM2 helix. The gating
stoichiometry for the Thr71 region was different from that for the Cys166 suggesting
distinct contributions of TM1 and TM2 helices to channel gating. In the pH-dependent
channel gating, the subunits underwent concerted rather than independent action. Two
wild-type subunits appeared to form a functional dimer in both cis and trans
configurations. The subunit stoichiometric studies thus provide novel insight into the
Kir6.2 channel gating by intracellular protons.
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I-III-1. Introduction
KATP channels play an important role in insulin secretion, glucose uptake,
myocardium excitability and neuronal responses to metabolic stress (Ashcroft and
Gribble 1998; Seino, 1999). Such functions rely on the sensitivity of the channels to
intracellular ligand molecules, by which these channels couple intermediary metabolites
to cellular excitability. The KATP channel activity is inhibited by intracellular ATP and
activated by ADP, protons and phospholipids (Noma, 1983; Cook and Hales, 1984;
Aschcroft et. al., 1984; Lederer and Nichols, 1989; Davies, 1990; Baukrowitz et al.,
1998; Shyng and Nichols, 1998; Xu et al., 2001a). Like other ligand-gated ion channels,
the interaction of the KATP channel protein with the ligand (ligand binding) is believed to
trigger a cascade of conformational changes and concerted movements of individual
subunits, leading to channel opening or closure. The latter step is known as channel
gating, and intermediate steps refer to signal transduction or coupling. Although this

scenario has been supported by a number of previous studies (Armstrong et al., 1966;
Enkvetchakul et al., 2001; Perozo et al., 1999; Flynn and Zagotta, 2001; Johnson and
Zagotta, 2001; Jiang et al. 2002b; Jin et al., 2002; Phillips et al., 2003), the differentiation
of ligand binding from channel gating and coupling has been challenging with current
experimental approaches and has led to widespread misinterpretation (Colquhoun, 1998).
Since most of the previous studies were done on homomeric channels of wt or
mutants, further understanding of how individual subunits in a multimeric channel act in
ligand binding, channel gating and their couplings, and how they are coordinated in
ligand-dependent gating depends on information from heteromeric channels. We thus
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performed studies on tandem-dimeric and tandem-tetrameric channels constructed with a
predetermined number of subunits disrupted with T71Y, C166S and K185E mutations.
Although a number of residues are involved in ATP sensitivity, Lys185 is outstanding.
The K185E mutation causes an over 100-fold reduction in ATP sensitivity (Drain et al.
1998; Tucker et al. 1998; Reimann et al., 1999), while this residue is not involved in
sensing sulfonylurea, protons and lipid metabolites (Xu et al., 2001b; Wu et al., 2002b;
Ribalet et al., 2003; Manning Fox et al., 2004), indicating that it plays a role in the ATPdependent but not ATP-independent gating. Further studies have shown that Lys185
indeed contributes to ATP binding at the Kir6.2 protein (Tanabe et al., 1999; Trapp et al.,
2003; Dong et al., 2005). In contrast, Cys166 is known to participate in channel gating or
the final stage of signal transduction from ligand binding to channel gating, as the C166S
mutation disrupts KATP channel gating by ATP, protons and sulfonylurea (Trapp et. al.,
1998a; Piao et al., 2001; Wu et al., 2004). Similarly Thr71 is likely to act in channel
gating by ATP and protons as well (Cui et al., 2003; Wang et al. 2005a). Studies on the
subunit stoichiometry of KATP channels whose ATP binding or channel gating is
disrupted with these residues thus may generate information about the subunit
coordination, cooperativity and minimal number of functional subunits required for ATPdependent gating. They may also shed insight into subunit contributions to ligand
binding, channel gating and potential coupling mechanism of ligand binding to channel
gating.
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I-III-2. Results

I-III-2-a. Selective suppression of ATP-dependent channel gating.
The Kir6.2∆C36 channel was expressed in Xenopus oocytes. The rationale for
choosing this form of KATP channels was 1) the truncation of 36 residues at the C
terminus allows the Kir6.2 to be expressed without the SUR subunit with much of the
ATP sensitivity retained (Tucker et al., 1997), and 2) it can simplify the studies of ATPdependent channel gating by dissecting the contribution from the SUR subunit.
Expression of the channel was screened by two-electrode voltage clamp using a bath
solution (KD90) containing 90mM K+. Cells showing clear inward rectifying K+ currents
were used for further patch-clamp studies. Injection of the expression vector alone did not
yield inward rectifying currents. Macroscopic currents with multiple active channels were
recorded in excised inside-out patches using giant recording pipettes. Exposure of
intracellular membranes to perfusates with various ATP levels produced a concentrationdependent inhibition of the currents. The ATP–current relationship was described with
the Hill equation. The IC50 value was 110 µM (n = 12) and the h value was 1.2 (n = 12)
(Fig. I-III-1A,E). The ATP sensitivity was mostly eliminated with either C166S, K185E
or T71Y mutation (Fig. I-III-1B-D; Table I-III-1).
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Fig. I-III-1. The ATP and pH sensitivity of the wt and mutant homomeric monomers. Currents
were recorded from inside-out patches with symmetric concentration of K+ across the patch
membrane. A. In the wt Kir6.2∆C36 channel, exposure of the internal membrane to ATP
produced fast and reversible inhibition of the inward rectifying currents with a half-current
inhibition by 100 µM ATP. B-D. High concentration of ATP (3 mM) only slightly inhibits the T71Y
(B), C166S (C) and K185E (D) mutants. E. The ATP-current relationship is expressed using the
Hill equation. The dose-response curves show that all channels carrying T71Y, C166S or K185E
mutations lose their ATP sensitivity. F. The pH-current relationship shows that the pH sensitivity
of the K185E is the same as the wt Kir6.2∆C36, while the T71Y and C166S mutant do not
respond to acidic pH. Data are presented as means ± s.e. The recordings were performed by Dr.
Jianping Wu.

110

Table I-III-1. Measurements and predictions of Kir6.2 constructs.
Hill equation
Construct
Monomer
Kir6.2∆C36
K185E
C166S
T71Y
Tandem-dimer
wt-wt
wt-K185E
K185E-K185E
wt-C166S
C166S-C166S
wt-T71Y
T71Y-T71Y
Tandem-tetramer
4wt
K185E
3wt-K185E
cis 2wt-2K185E
trans 2wt-2K185E
wt-3K185E
4K185E
C166S
3wt-C166S
cis 2wt-2C166S
trans 2wt-2C166S
wt-3C166S
4C166S
T71Y
3wt-T71Y
cis 2wt-2T71Y
trans 2wt-2T71Y
wt-3T71Y
4T71Y
Coupling dimer
wt-K185/C166
K185-C166
wt-K185/T71
K185-T71

Baseline Residual I IC50 ATP
(%)
(mM)
Popen

Operational model

h

n

τA / τ C

K A / KC
(mM)

IC50 ATP
(mM)

–
–
–
–

0.0
–
–
–

0.11
>20
>10
>20

1.2
1.2
–
–

12
4
4
4

–
–
–
–

–
–
–
–

–
–
–
–

–
–

0.15
0.22
>20
0.62
>10
1.00
>20

1.1
1.1

–
–

–
–

1.0
1.0
1.2
1.1

7
5
4
4
5
4
5

–
–

–
–
–
–

0.0
9.7
–
0.0
–
0.0
–

–
–
–
–

–
–
–
–

–
–
–
–

0.116

0.0

0.15

1.2

10

0.19

0.13

0.15

0.118
0.127
0.116
0.120
0.120

0.0
4.4
12.7
19.7
–

0.17
0.18
0.23
0.60
>20

1.1
1.1
1.1
0.9
0.9

4
4
6
7
5

0.16
0.15
0.14
0.08
0.03

0.18
0.18
0.23
0.65
>20

0.18
0.18
0.24
0.53
>20

0.180
0.514
0.497
0.556
0.723

0.0
0.8
0.8
–
–

0.17
0.72
0.72
1.80
7.00

1.2
1.2
1.2
1.1
1.1

5
4
5
4
4

0.28
1.05
1.05
1.29
2.50

0.18
1.15
1.15
3.60
>20

0.19
0.75
0.75
1.82
6.74

0.490
0.540
0.511
0.736
0.738

0.0
0.8
0.8
–
–

0.25
1.10
1.10
6.00
>20

1.1
1.2
1.2
1.1
1.1

4
4
4
4
4

1.00
1.10
1.10
2.50
2.50

0.38
1.80
1.80
18.00
>20

0.22
1.14
1.14
5.78
>20

0.538
0.542
0.545
0.581

27.8
50.6
46.6
51.8

0.78
1.10
1.10
1.10

1.0
1.0
1.0
1.0

5
5
4
4

0.65
0.42
0.42
0.42

1.40
1.70
1.70
1.70

0.85
1.20
1.20
1.20

All mutant channels were constructed on Kir6.2∆C36. Residue currents (I) were
measured as a portion of maximal channel activity in the presence of 30mM ATP. Data
are presented as means ± s.e. Abbreviation: h, Hill coefficient; n, number of observation;
–, not available.
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The Kir6.2∆C36 channel is also gated by intracellular protons, in which a
protonation site (His175) has been previously identified (Xu et al., 2001b). The pHdependent channel gating was lost with the T71Y or C166S mutation, suggesting a role
of these residues in channel gating (Fig. I-III-1E,F). In contrast, the K185E mutation
disrupted the ATP-dependent but not the pH-dependent channel gating (Fig. I-III-1E,F),
supporting that the Lys185 contributes to ATP binding as reported in several previous
studies (Drain et al. 1998; Reimann et al., 1999; Tanabe et al., 1999; Trapp et al., 2003;
Dong et al., 2005).

I-III-2-b. Effects of heteromeric recombination of tandem-dimeric channels
To understand the subunit stoichiometry of Kir6.2 channel gating by intracellular
ATP, we first constructed tandem-dimeric channels by linking the wt Kir6.2∆C36 and
C166S-mutant subunits in wt-wt, wt-C166S and C166S-C166S configurations. All
dimeric concatemers expressed functional currents without significant changes in inward
rectification, current amplitude and other single channel properties in comparison to their
monomeric counterparts. Macroscopic currents of the wt-wt channel were dosedependently inhibited by ATP with an IC50 value of 150 µM (n = 7) and h value of 1.2 (n
= 7). Complete current inhibition was reached with 3mM ATP (Fig. I-III-2D; Table I-III1). The ATP sensitivity was eliminated in the C166S-C166S dimer with IC50 greater than
10 mM, consistent with the monomeric C166S (Fig. I-III-2D; Table I-III-1). The ATP
sensitivity of the heteromeric wt-C166S dimer lay in between the homomeric wt-wt and
C166S-C166S channels. The ATP-current relationship of the wt-C166S was closer to that
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of the wt-wt dimer with IC50 of 0.62 mM and h value of 1.0 (Fig. I-III-2A,D; Table I-III1).
Similar constructions were also performed for the Thr71. The ATP sensitivity of
the T71Y-T71Y dimer was comparable to the monomeric T71Y channel (Fig. I-III-2D).
Like the C166S dimers, the ATP sensitivity of the wt-T71Y was closer to the wt-wt
channel than the T71Y-T71Y dimer, in which a parallel shift of the ATP-current
relationship curve was observed. The IC50 value increased to 1.0 mM with h value of 1.2
(Fig. I-III-2A,D; Table I-III-1).
To determine the contribution of each subunit to the ATP binding, a group of
dimers was created with the mutation at Lys185. The homomeric K185E-K185E
responded to intracellular ATP like the corresponding monomer. Interestingly, the wtK185E currents were not totally inhibited even with high concentrations of ATP and the
plateau level of inhibition was reached at 3 mM (Fig. I-III-2C,D). In contrast to the wtT71Y and wt-C166S channels, there were still ~9.7% residue currents left uninhibited
under 30 mM ATP in the wt-K185E (Table I-III-1), suggesting a different stoichiometry
for ligand binding from that for channel gating. The dose-response curve showed that the
IC50 of ATP was only 70 µM higher in the wt-K185E than in the wt-wt channel with no
change in the h values (Fig. I-III-2D; Table I-III-1). The ATP-dependent gating was well
retained and began to manifest itself in these dimeric constructs.
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Fig. I-III-2. ATP response of the tandem-dimeric Kir6.2 channels. Intracellular ATP produced
dose-dependent inhibition in the heteromeric wt-T71Y (A.) and wt-C166S (B.) dimers. The
currents were almost completely inhibited by 10 mM ATP. C. Although the wt-K185E currents
were also inhibited, the inhibitory effect reached the plateau with 1 mM ATP and there were still
substantial currents uninhibited. D. The dose-response curves of the homomeric wt and mutant
dimers show the same ATP sensitivity to their monomeric counterparts. The curves of the
heteromeric wt-C166S and wt-T71Y dimers lay in between the wt-wt and mutant dimers with the
curves more close to the wt-wt channel. The ATP-current relationship for the wt-K185E dimer was
special, as there were ~10% of currents left uninhibited with 10 mM ATP.
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I-III-2-c. Subunit stoichiometry for ATP binding
To understand further the subunit stoichiometry of the ATP binding, tetrameric
concatemers were constructed with the wt and K185E-disrupted subunits. The channels
with two functional subunits located at adjacent and diagonal positions were named cis
and trans 2wt-2K185E. Similar to the dimeric wt-K185E, the Popen of several K185Econcatenated tetramers were not fully inhibited with 30 mM ATP, although their IC50
levels were rather low (Fig. I-III-3,4). In the presence of substantial uninhibited channel
activity, the concentration-response relationship of these K185E-concatenated tetramers
can no longer be described using the conventional Hill equation without counting the
levels of maximum inhibition. Indeed, the ATP-current relationship resembles partial
antagonism for ligand-receptor interactions (Kenakin, 2004), suggesting that the subunit
disruption causes a loss of not only ligand binding potency but also efficacy. Therefore,
we employed the operational model for the ligand-receptor interaction to describe the
subunit stoichiometry of the K185E-concatenated tetramers (see Equation 4 in Methods).
Two constants are introduced in the equation, i.e., dissociation constant KA and allosteric
constant τA. According to Black et al. (1985), Colquhoun (1998), Trzeciakowski (1999a)
and Kenakin, (2004), KA and τA are measures of the binding affinity of the ligandreceptor complex and the magnitude of the first step of conformational change after
ligand binding, respectively. The model has been used to describe multiple steps of
events of the ligand-receptor interaction, i.e., formation of ligand-receptor complex, the
consequent conformational change of the ligand binding domain and signal transduction
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(Black et al., 1985; Colquhoun, 1998; Trzeciakowski, 1999a; Kenakin, 2004). The IC50
can also be calculated using these two factors (Equation 7).
Since there is no significant difference in the spontaneous Popen of all K185E
constructs (Table I-III-1), an average of Popen from all K185E constructs was used for the
data analysis. The construct with all four subunits disrupted showed very low ATP
sensitivity (KA > 20mM, τA < 0.05 and IC50 > 20mM) (Fig. I-III-3E). When the first wt
subunit was introduced, the wt-3K185E channel gained ATP sensitivity drastically, with
the IC50 reduced to submillimolar range (530µM, h 0.9). The increase in ATP sensitivity
was due to a great leap in the ATP binding affinity (KA 650µM) although the efficacy
was still low (τA = 0.08; Fig. I-III-3A,E; Table I-III-1). Another significant leap in ATP
sensitivity was seen with addition of the second wt subunit at the trans position (IC50 =
240 µM and h = 1.1), which was contributed by both KA (230 µM) and τA (0.14). The
ATP binding affinity and efficacy were further increased (KA = 180 µM, τA = 0.15) in the
cis 2wt-2K185E, and the IC50 was reduced to 180 µM suggesting that ATP prefers two

subunits at adjacent positions. Interestingly, introduction of the third wt subunit produced
almost no change in the ATP sensitivity (IC50 = 180 µM, h = 1.1) with nearly the same
KA (180 µM) and τA (0.16) levels as the cis 2wt-2K185E. The IC50 was lowered to 150
µM with the fourth wt subunit, due to the improved ATP binding affinity (KA = 130 µM)

and efficacy (τA = 0.19).
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Fig. I-III-3. Effects of intracellular ATP on the channel activity of tetrameric K185E constructs. A.
Single channel activity was recorded in the same condition as in Fig. I-III-1 with the membrane
potential held at -80 mV. The Popen was obtained with each ATP concentration. Fast and
reversible inhibition in the single channel activity was seen in the wt-3K185E. The inhibition
reached the maximum level with 10 mM ATP, and no further inhibition was found with higher
concentrations. B. The inhibitory effect of ATP was stronger in the tans 2wt-2K185E, and the
maximum inhibition was reached with 10 mM. C. The ATP sensitivity further increased in the cis
2wt-2K185E, and 3 mM ATP produced maximum effect. Note that the residue channel activity
was reduced with increasing numbers of wt subunits. D. The 3wt-K185E was fully inhibited with
10 mM ATP. E. The single-channel activity is expressed as a function of the intracellular ATP
concentration using equation 2 based on the operational model (see method). The baseline Popen
averaged 0.116. The ATP sensitivity and the maximum inhibitory effect increases with more wt
subunits. ATP has larger inhibitory effect on the cis 2wt-2K185E than on the tans 2wt-2K185E.
Incomplete inhibition was seen in channels carrying 2 or more disrupted subunits. F. The ATPcurrent relationship curves were also fitted with Hill equation after normalizing the baseline
activity to 1.0. The IC50 levels obtained are comparable to those calculated with operational model
(Table I-III-1).
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For comparison, we also fitted the data with the Hill equation. The IC50 and h
values obtained were rather comparable to those predicted with the operational model
(Fig. I-III-3F,E; Table I-III-1). The maximum inhibition of the constructs increased with
addition of wt subunits, and the increase was less when there were more wt subunits
(Table I-III-1).

I-III-2-d. Subunit stoichiometry for channel gating
To understand the subunit stoichiometry for channel gating, tandem-tetrameric
channels were constructed with C166S-disrupted subunits. Described with the Hill
equation, the ATP sensitivity of the homomeric 4C166S (IC50 = 7.0 mM) was
comparable with the corresponding monomeric and dimeric channels (Fig. I-III-5A2;
Table I-III-1), indicating that the tandem linkage of four pore-forming subunits does not
disrupt the ATP-dependent gating of the channel.
A prominent effect of the C166S-subunit disruptions was a graded increase in
baseline channel activity. The baseline Popen rose from 0.116 in the wt channel to 0.723 in
the 4C166S, while other constructs showed intermediate levels of baseline Popen (Table IIII-1). This observation as well as previous mutational analysis of homomeric channels
showing that the Cyc166 mutation disrupted the long closures (Trapp et. al., 1998a)
suggests that this site may be involved in setting a working range of the conformational
change that results from ATP binding and is necessary for channel gating. The greater the
working range, the greater the IC50 would be for fulfilling channel gating. Consistent with
this idea, our results showed that the ATP sensitivity decreased gradually with
introducing more C166S subunits (Fig. I-III-5A2). Since both the ATP sensitivity and the
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magnitude of channel activity changed in the C166S constructs, we decided to continue
using the operational model to describe the ATP-current relationship, instead of using the
Hill equation by normalizing all baseline channel activity to the same level. Based on the
baseline Popen and ATP sensitivity, the KC and τC were calculated according to equation 5
in Methods, where KC is the affinity constant determined by KA and τA, and τC is the
allosteric constant that sets the working range of the second step of conformational
change for channel gating. Our results showed that the τC increased from 0.19 to 2.50,
and KC changed from 0.15 mM to 21.00 mM with stepwise C166S-subunit disruptions.
These led to a change in IC50 levels similar to those described with the Hill equation (Fig.
I-III-5A1,A2). It is remarkable that the disruption of channel gating did not change the
efficacy of ATP-induced channel inhibition or the maximum inhibition (Fig. I-III-4D,IIII-5A1), which was in clear contrast with the K185E-disruption of ATP binding.
A similar trend of the changes in baseline Popen and IC50 was also seen in
tetramers carrying T71Y mutation. With the addition of T71Y disrupted subunits, the
baseline Popen increased from 0.116 to 0.738, and the τC rose from 0.19 to 2.50. The
predicted IC50 values (0.15 to >20 mM) were also similar to those measured with the Hill
equation in these mutations (Fig. I-III-5B1,B2; Table I-III-1). Also similar to the C166S
constructs was the unchanged maximum inhibition with graded subunit disruptions (I-III4E, and I-III-5B1).
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Fig. I-III-4. Single-channel activity of tetrameric channels recorded with and without ATP. Although all
channels were inhibited by 30mM ATP, substantial uninhibited currents were seen in constructs
containing K185E mutations. The ratio of the uninhibited channel activity was calculated based on
the Popen with ATP (Po.ATP) divided by that without (Po.CTL), which was 27.7% for the 3wt-K185E
(A), 15.3% for the trans 2wt-2K185E channel (B) and 6.1% for the cis 2wt-2K185E channel (C).
In contrast, the trans 2wt-2C166S (D) and trans 2wt-2T71Y channels (E) were almost completely
inhibited by 30 mM ATP with residue channel activity less than 1%.
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Fig. I-III-5. The ATP sensitivity of tetramers with disruptions of channel gating. A1-A2. The ATPcurrent relationship of the C166S tetramers. A1. The dose-response relationship of these
tetramers is fitted with equation 3 according to baseline Popen of each C166S tetramer. The
maximum inhibition reached zero in these tetramers. Their baseline Popen and IC50 decreased with
addition of wt subunits. With three wt subunits, the ATP sensitivity of the 3wt-C166S was almost
the same as the 4wt channel. The cis and tans 2wt-2C166S behaved just the same. A2. The data
were also fitted with Hill equation, and almost the same IC50 levels were obtained (Table I-III-1).
B1-B2. Similar results were obtained in tetrameric T71Y constructs with the same data analysis.

123

I-III-2-e. Subunit cooperativity and coordination
To elucidate the subunit cooperativity and coordination, we plotted the IC50
values against the number of wt subunits, and compared our results to two classes of
models with and without cooperativity. The HH model describes channel gating process
produced by independent action of individual subunits (Hodgkin and Huxley, 1952),
whereas the MWC model describes positive cooperativity, in which four subunits
undergo a single concerted transition between channel opening and closure (Monod et al.,
1965). We found that our data could not be described with the HH model (Fig. I-III-6AC), suggesting that four subunits do not act independently in either ATP binding or
channel gating. The IC50 plot of K185E constructs was far from the MWC predication
and even went below the HH predication (Fig. I-III-6A), suggesting the existence of
negative cooperativity between subunits in ATP binding. In contrast, the IC50 plots of the
C166S and T71Y tetramers were located in between of those predicted by the MWC and
HH models (Fig. I-III-6B,C), suggesting moderate positive cooperativity. Further
supporting the presence of positive cooperativity in channel gating were the baseline Popen
plots against the number of wt subunits, as the baseline Popen plots were superimposed or
even above the predicted values by the MWC model (Fig. I-III-6E,F).
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Fig. I-III-6. Subunit cooperativity and coordination of the Kir6.2 channel. A-C. IC50 plots versus
number of wt subunits. Open square, data predictions based on the MWC model; open circle,
data predictions based on the HH model. A. The IC50 plot of tetrameric K185E constructs (solid
triangles) is far from the MWC prediction and even runs below the HH prediction. B,C. Unlike the
K185E constructs, the plots of the C166S and T71Y tetramers are in between the predictions by
the MWC and HH models. D-F. Changes of baseline Popen with number of wt subunits. D. The
baseline Popen levels remain unchanged in all K185E mutations. E-F. The Popen plots of C166S
and T71Y tetramers are both higher than the MWC prediction. Although each wt subunits
decreases the baseline Popen, the greatest changes come with the first and third wt subunits in
C166S tetramers and the second and fourth ones in T71Y tetramers.
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These plots also suggested special forms of subunit coordination for ligand
binding and channel gating (Fig. I-III-6E,F). Interruption of the ATP binding did not alter
the baseline Popen of the K185E-disrupted channels (Fig. I-III-6D). Changes in baseline
Popen were only seen when the binding-gating coupling was disrupted with C166S or
T71Y mutations. In tetramers with the C166S mutation, the working range of Popen was
greatly reduced by introducing the first wt subunits, while the second one gave rise to a
smaller effect. The pattern of baseline Popen changes was nicely repeated when the third
and fourth subunits were introduced (Fig. I-III-6E), indicating the existence of functional
dimers between subunits, as previous shown in other ion channels (Liu et al., 1998). Such
a subunit coordination was also found in the T71Y tetramers. The pattern of baseline
Popen changes repeated when every other wt subunit was introduced although the major
contribution came from the introduction of the second and fourth wt subunits (Fig. I-III6F). It is possible that the functional dimers occurred in T71Y tetramers only between
two wt subunits, whereas they may be formed between one wt and one mutant subunit in
the C166S constructs.

I-III-2-f. Inter-subunit signal coupling
To gain insight into the coupling mechanisms of ATP-binding to channel gating
in the Kir6.2 channel, concatenated dimers were constructed with the disruption of ATP
binding or gating in the same or alternative subunit. We reasoned that if the coupling only
existed within the same subunit, i.e., cis-coupling, it would be completely blocked in the
K185E-T71Y and K185E-C166S concatenated dimers; if the coupling were only
mediated by two adjacent subunits, i.e. trans-coupling, it would be disabled in the wt-
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K185E/T71Y and wt-K185E/C166S constructs. The ATP sensitivity of these constructs
was studied, and data were fitted with operational model since their baseline Popen and
maximum inhibition were both different from the wt channel.
All these constructs showed similar baseline Popen (range from 0.538 to 0.581,
P>0.05). With additional disruption of the coupling mechanism in alternative subunits,
the working range of Popen (τ = 0.42) was expanded in the K185E-C166S and K185ET71Y, and the maximum inhibitory effect (48.2~49.4%) was reduced in comparison to
the trans 2wt-2K185E channels (Fig. I-III-7A,D; Table I-III-1). Their ATP sensitivity
was well retained (both were fitted with the equation with IC50 = 1.20mM, h = 1.0),
suggesting the existence of the trans coupling.
The wt-K185E/T71Y responded to ATP exactly the same as the K185E-T71Y
and K185E-C166S (Fig. I-III-7B,D; Table I-III-1). Higher ATP sensitivity was observed
in the wt-K185E/C166S channel. Although the baseline Popen was not much different
from that of the wt-K185E/T71Y, the maximum inhibition (72.2%) was much greater
(Fig. I-III-7C,D; Table I-III-1). Its ligand binding affinity was similar to all other dimers
(KA = 1.4~1.7), and its IC50 (0.85mM) shifted to the left without evident change in the h
value. These results suggest that cis coupling also exists, and the cis coupling in the C
terminus appears to contribute more to the channel gating than the trans coupling.
To see whether the cis coupling in a single functional subunit is sufficient for the
ATP-dependent gating, we constructed a tetramer by blocking all cis and trans couplings
in three of the subunits using the wt-3C166S/K185E. Our test showed that there was no
significant inhibition of this construct by intracellular ATP up to 30mM (Fig. I-III-7D).
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Fig. I-III-7. The ATP sensitivity of dimers with disruptions of both ATP binding and channel gating.
A. With the cis coupling mechanism being blocked in K185E-C166S channel, the currents were
still sensitive to ATP, but the maximum inhibitory effect was only 50.6% with 30mM ATP. B. The
response was the same in the wt-K185E/T71Y dimer that only allow the cis coupling in alternative
subunits. C. The similar cis coupling in the dimeric wt-K185E/C166S channels gave rise to a
higher ATP sensitivity, and 72.2% maximum inhibition was reached. D. The ATP-current
relationship curves of these dimers are fitted with operational model. All dimers have higher
baseline channel activity than the 2wt channel. The dimeric K185E-C166S, K185E-T71Y and wtK185E/T71Y showed the same Popen, ATP sensitivity and maximum inhibitory effect, so that their
ATP-current relationships were fitted with a single equation. Greater ATP sensitivity and
maximum inhibition were seen in the wt-K185E/C166S dimer. With only one functional subunit,
the wt-3CK channel lost almost totally its ATP sensitivity.
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I-III-3. Discussion
By selective disruption of functional subunits for ATP-binding or channel gating,
we have studied the subunit stoichiometry of the Kir6.2 channel in the ATP-dependent
channel gating. These stoichiometric studies as well as the data analysis based on the
operational model have led to several novel findings in the KATP channels.

I-III-3-a. Subunit stoichiometry in other ion channels.
Subunit stoichiometric studies provide important information about liganddependent channel gating. Disruption of ligand binding in CNG and hyperpolarization
and cyclic nucleotide-gated (HCN) channels leads to reduction in potency and efficacy of
ligand gating (Tibbs et al., 1997; Liu et al., 1998; Paoletti et al., 1999; Young et al., 2001;
Ulens and Siegelbaum, 2003; Young et al., 2004). Prevention of certain subunits from
binding to cyclic nucleotide reduces efficacy of ligand gating in CNG and HCN channels
(Liu et al., 1998; Ulens and Siegelbaum, 2003). Mutation of the polyamine binding site in
the Kir2.1 or the ATP binding pocket on Kir6.2 has a similar effect (Yang et al., 1995;
Markworth et al., 2000). On the other hand, mutations of certain residues that are unlikely
related to ligand binding produce a parallel shift of the dose-response curves (Schönherr
et al., 1999). Also, increase in β subunit numbers that contribute to the inactivation of the
BK channel shifts the G-V curves without changing the maximum activation (Wang et
al., 2002). It is known that the opening of the CNG and HCN channels requires binding
to one cyclic nucleotide, and nucleotide bindings to additional subunits give rise to
further channel activation (Liu et al., 1998; Ulens and Siegelbaum, 2003). A similar
effect is also seen in AMPA glutamate receptors (Rosenmund et al., 1998).
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In Kir channels, our previous studies have revealed that one functional subunit is
sufficient to activate the pH-dependent channel gating, although all four subunits are
required for the complete pH sensitivity of the Kir1.1 channel (Wang et al., 2005b).
Similarly, the Kir2.1 channel largely retains its sensitivity to intracellular Mg2+ and
polyamines when there is only one functional subunit (Yang et al., 1995). Activation of
the GIRK channels by Gβγ has graded effects, with three Gβγ subunits being required for
the full channel activation (Sadja et al., 2002). In KATP channels, the binding of ATP to
one of the four sites of the channel protein is sufficient to close the channel (Markworth
et al., 2000). However, the inhibitory gate of the KATP channels needs the participation of
all four subunits, and the contribution of each subunit to the gating transition is
exponentially related to the number of functional subunits (Drain et al., 2004).
Stoichiometric

studies

have

shown

specific

subunit

cooperativity

and

coordination. Activation of BK channel by intracellular Ca2+ is highly positively
cooperative (Niu and Magleby, 2002). Similar positive cooperativity has also been
revealed in the gating transition of the KATP channel (Drain et al., 2004). The four
subunits in the CNG, HCN and Kir1.1 channels are suggested to be associated as two
independent dimers in the ligand-dependent channel gating (Liu et al., 1998; Ulens and
Siegelbaum, 2003; Wang et al., 2005b).
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I-III-3-b. ATP binding versus channel gating
The gating of a ligand-gated channel starts with ligand binding to the channel
protein, which initiates a cascade of conformational changes leading to the opening or
closure of the ion permeable pathway. The conformational changes produced by ligand
binding may in turn affect the ligand binding affinity (Colquhoun, 1998). Therefore the
effect of ligand binding and channel gating are often entangled together making the
differentiation of binding from gating rather difficult. This problem is not limited to
functional studies, since the conformational changes are known to affect results of
binding assays as well (Colquhoun, 1998). Differentiation of binding from gating sites
may be possible if 1) the protein structure is resolved in presence of the ligand, 2) the
binding affinity is constant and unaffected by subsequent conformational changes
following ligand binding, or 3) there are special residues and protein domains that affect
channel gating by a specific ligand but not another. The KATP channel appears to satisfy
the latter criterion. Intense studies of the channel over the past decade have revealed
several sites critical for ATP binding and channel gating. Mutation of Lys185 abolished
the ATP-dependent channel gating but not the proton- or sulfonylurea-dependent gating
(Reimann et al., 1999; Trapp et al., 2003; Wu et al., 2002b; Ribalet et al., 2003). This
Lys185 has been shown to interact with the ATP molecule directly (Drain et al. 1998;
Tucker et al. 1998; Reimann et al., 1999; Tanabe et al., 1999; Trapp et al., 2003; Dong et
al., 2005). In contrast, the Cys166 and Thr71 are likely to be involved in gating since
mutations of these residues affect channel gating by multiple regulators (Trapp et al.,
1998a; Piao et al., 2001; Wang et al., 2005a). Such a characterization of these sites makes
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it possible to understand subunit stoichiometry for ligand binding and channel gating in
the KATP channel.
The K185E tandem tetramers are special among all our constructs. In addition to
the graded loss of the ATP sensitivity with more disrupted subunits, we saw substantial
residue channel activity that was not inhibited by 30mM ATP. The reduction in efficacy
of ligand gating in the K185E constructs thus is consistent with that found previously in
the CNG and HCN channels indicating that ligand binding is disrupted (Tibbs et al.,
1997; Liu et al., 1998; Paoletti et al., 1999; Young et al., 2001; Ulens and Siegelbaum,
2003; Young et al., 2004). The similarity of the effect to partial receptor antagonism has
led us to adopt the operational model for description of the ATP-channel interaction by
considering both potency and efficacy. The ATP-current relationship, indeed, is very well
expressed with the operational model. The predicated IC50 values for all K185E
constructs are almost identical to those measured with the Hill equation. Therefore, the
model provides another level of understanding of the change in ATP sensitivity with
respect to potential and efficacy. Furthermore, our results strongly suggest that Lys185
contributes to ATP binding with special subunit coordination and cooperativity (see
below).
Unlike the K185E constructs, the C166S and T71Y tandem tetramers were fully
inhibited by high concentrations of ATP. Although their ATP-current relationship can be
described with the Hill equation, subunit disruptions with the C166S and T71Y mutations
increase not only the IC50 but also the baseline Popen, both of which have been previously
observed in monomeric C166S and T71Y and explained to be a result of the disruption of
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the channel closure in the gating mechanism (Trapp et al., 1998a; Cui et al., 2003). In the
present study, we have attempted to explain these phenomena by fitting our data using
the operational model. We assumed that Cys166 and Thr71 may set a range of
conformational changes for probability of channel opening and closure in the wt channel.
Such a working range, perhaps determined by the flexibility of these local regions,
increases with the disruption of these residues, leading to the augmentation of baseline
Popen. The Popen change can be nicely described with τC in the operational model. Then,
why does the KC as well as IC50 value also increase with the disruption of the sites that
are apparently not involved in ATP binding? The simplest explanation is that subunit
disruption with the C166S or T71Y mutations expands the working range for channel
gating process, and consequently higher concentrations of ATP are needed to inhibit the
channel activity. The operational model may help to further understand its molecular
basis. According to the operational model, multiple steps of conformational changes
occur following ligand binding, including the formation of ligand-channel complex, the
consequent conformational change of ligand binding domain, signal transduction or
coupling, and channel gating movement (Trzeciakowski, 1999a, 1999b). These steps are
arranged in series with the conformational change of a given step depending not only on
its previous step but also to certain degree on its successor. It is likely that the subunit
disruption with the C166S or T71Y impairs the necessary conformational change in a
gating or coupling step. Without the necessary conformational change in the step, its
prior events including the ATP binding affinity are thus affected. Therefore, KC is
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determined by the conformational change of its predecessor, i.e., KA and τΑ, and its
change produced by C166S or T71Y subunit disruptions also affects the IC50 of ATP.

I-III-3-c. Subunit coordination and cooperativity
Our subunit stoichiometry studies have also revealed interesting subunit
cooperativity, coordination and minimum number of functional subunits required for
ATP binding and channel gating. Subunit disruption with the K185E mutation greatly
reduces the ATP binding affinity and efficacy. The IC50 value of ATP decreases with
addition of wt subunits. The greatest change occurs with the introduction of the first wt
subunit in the 3wt-K185E, while smaller effects are seen with additional ones. The
relationship of IC50 with number of wt subunits suggests strong negative cooperativity,
when it is compared with the HH and MWC models. Similar analysis of the C166S and
T71Y constructs reveals positive cooperativity for channel gating, which was supported
by both IC50 and Popen plots against number of wt subunits. The presence of both negative
cooperativity for ATP binding and positive cooperativity for channel gating may explain
several previous observations showing the lack of cooperativity, as the KATP channels
have rather low h values that remain unchanged with mutations of several critical
residues for the ATP-dependent channel gating (Trapp et al., 1998a; Reimann et al.,
1999; Markworth et al., 2000).
Channel gating does not show preference for cis or trans configurations.
However, the channel with two wt subunits in the cis positions has a better ATP binding
affinity and greater inhibitory efficacy than the trans configuration, suggesting that the
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ATP binding site is likely to be made of intracellular domains from multiple subunits,
which is consistent with modeling studies based on the KirBac 1 and KcsA channels
(Antcliff et al., 2005). Our results suggest that such an ATP binding site may consist of at
least two different subunits with two adjacent subunits surpassing two diagonal ones. The
coordination between two subunits also suggests functional dimers that may be formed in
the ATP-dependent channel gating. Supporting this idea are also the baseline Popen plots.
The baseline Popen changes repeat when every other functional subunit is introduced.
These are consistent with previous demonstrations of dimer of dimers in CNG, HCN and
Kir1.1 channels (Liu et al., 1998; Ulens and Siegelbaum, 2003; Wang et al., 2005b). Both
the ATP binding and inter-subunit interaction between cytosolic termini of the channel
protein are likely to contribute to the functional dimers (Lin et al., 2003). With the
subunit coordination and cooperativity, two functional subunits seem adequate to achieve
over 90% of the ATP sensitivity, while the ATP-dependent channel gating cannot be
fulfilled by a single wt subunit (wt-3C166S/K185E) with intact ATP-binding and
channel-gating mechanisms. Action of four subunits as dimer of dimers may facilitate the
ligand binding domain to form a four-fold symmetric gating ring as seen in the crystal
structure of the KirBac1.1 and CNG channels (Kuo et al., 2003; Zagotta et al., 2003).

I-III-3-d. Potential coupling mechanisms
Another finding from the present study is that the effect of ligand-binding can be
coupled to channel gating not only within the same subunit (cis coupling) but also
between two adjacent subunits (trans coupling). Our results show that by blocking the cis
coupling, the K185E-T71Y and K185E-C166S channels still respond to intracellular ATP
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suggesting that the binding-gating coupling is mediated by inter-subunit interaction or
trans coupling. The trans coupling through either N or C termini appears to have the

same effect, as both K185E-T71Y and K185E-C166S retained about a half of the
maximum effect with the same IC50 level. However, the functional cis coupling in the C
terminus (wt-K185E/C166S) appears to have greater effects on maximum inhibition
(72.2%) and IC50 than the cis coupling in the N terminus (wt-K185E/T71Y), suggesting
that a stronger amplification exists via the backbone structure than that via interaction
between protein domains of the same and alternate subunits.
In conclusion, our results show that the ATP binding can be differentiated from
channel gating, as disruption of the ATP binding in a given number of subunits impairs
the maximum channel inhibition produced by ATP, while disruption of the gating
mechanism augments the magnitude of channel gating movement. A strong negative
cooperativity is found for the ATP binding, and positive cooperativity is seen for channel
gating. The ATP-dependent channel gating requires at least two functional subunits as a
functional dimer. Although the subunit coordination has no preference in the channel
gating, a coordination of two functional subunits in the cis configuration is more effective
for ATP binding. ATP-binding is coupled to gating not only within the same subunit, but
also between two different subunits. These phenomena are well described with the
operational model.
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I-III-4. Summary and Conclusions
ATP-sensitive K+ channels are gated by intracellular ATP allowing them to
couple intermediary metabolites to cellular excitability, whereas the gating mechanism
remains unclear. To understand subunit stoichiometry for the ATP-dependent channel
gating, we constructed tandem-multimeric channels with selective disruptions of the
binding or gating mechanism in certain Kir6.2 subunits. Disruption of channel gating
caused graded losses in ATP sensitivity and increases in baseline Popen with no effect on
maximum inhibition. Prevention of ATP-binding affected both potency and efficacy.
Two adjacent subunits are more favorable for ATP-binding than two diagonal ones.
Subunits showed negative cooperativity in ATP binding and positive cooperativity in
channel gating. Joint disruptions of the binding and gating mechanisms in the same or
alternate subunits of a concatemer revealed that the binding-gating coupling preferred the
cis to trans configuration within the C terminus. No such preference was found between

the C and N termini. These phenomena are well described with the operational model
used widely for ligand-receptor interactions.
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I-IV. Determinant Role of Membrane Helices in KATP Channel Gating
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I-IV-1. Introduction
The inward rectifier K+ channels are controlled by second messengers or
metabolites and couple chemical signals to cellular excitability (Nichols and Lopatin,
1997). Given intracellular ligand produces stereotypical response in a channel species,
i.e., stimulation or inhibition, indicating that such a response is an inherent property of
the channel protein. In contrast to the channel response, a ligand molecule often has
diverse effects on distinct channel species. For instance, ATP is an antagonist of the KATP
channels, whereas it augments the Kir1.1 channel activity (Noma et al., 1983; Ho et al.,
1993). Although the Kir6.1 and Kir6.2 channels are stimulated by intracellular proton
(Davies et al., 1990; 1992; Xu et al., 2001a), the Kir1.1, Kir2.3, Kir4.1 and Kir4.1-Kir5.1
channels are strongly inhibited (Coulter et al., 1995; Tsai et al., 1995; Fakler et al., 1996;
Zhu et al., 1999; Yang et al., 1999; Yang et al., 2000). How these opposite responses are
produced is unknown. The current understanding is that ligand binding produces a
specific conformation of the ligand-binding domain which is commensurate with the
channel activity, suggesting that the channel response is determined by the ligand-binding
domains. According to their conformation with or without ligand binding, the opening or
closure of a channel takes place.
Another possibility is that the channel response to a ligand molecule may depend
on not only the conformation of the ligand-binding domains but also the gating assembly
that is likely to consist of the transmembrane helices and their adjacent regions of the N
and C termini (Yellen et al., 2002). As the body of the gating assembly, the TM2 helices
are assembled as an inverted teepee lining the inner ion-conductive pore (Doyle et al.,
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1998). Experimental evidence suggests that the narrowest part of the TM2 helices is
widened when the channels are open allowing certain ions and organic molecules to
access the inner cavity (Armstrong et al., 1966; Liu et al., 1997; del Camino et al., 2000;
Enkvetchakul et al., 2001; Flynn et al., 2001; Shin et al., 2001; Jin et al., 2002; Phillips et
al., 2003). Such a movement could be produced solely by the ligand binding. If so, the
gating assembly would be a simple follower of the ligand-binding domains which are
located in the intracellular termini. However, some studies suggest that the membrane
helices may play a more active role in channel gating, as mutations of certain helical
residues reduce or even eliminate the channel responses induced by ligand binding
(Trapp et al., 1998a; Minor et al., 1999; Piao et al., 2001; Cui et al., 2003; Wu et al.,
2004). It is unclear how the membrane helices act in channel gating. If the membrane
helices are not a simple follower, they should be able to influence the consequence of
ligand binding. An ultimate demonstration would be that channel activity is determined
by their conformations, no matter the ligand is excitatory or inhibitory naturally to the
channel.
The Kir6.2 channel is inhibited by ATP and stimulated by proton (Davies et al.,
1990; 1992; Xu et al. 2001a; Inagaki et al., 1995). The Kir6.2 gating by ATP and proton
requires specific membrane domains in Kir6.2, which cannot be substituted with those in
Kir1.1, another member of the Kir family (Piao et al., 2001; Wu et al., 2004). Several
residues in these membrane helices are important for the channel gating (Trapp et al.,
1998a; Enkvetchakul et al., 2001; Piao et al., 2001; Cui et al., 2003; Wu et al., 2004).
Among them are Thr71 and Cys166. When the Cys166 in the TM2 is mutated, the Kir6.2
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gating by both ATP and proton is disrupted (Trapp et al., 1998a; Piao et al., 2001). The
Thr71 is located at the boundary of the TM1 and N terminus. Full ATP and pH
sensitivities require a residue with flexible side-group at this site, while a bulky residue
eliminates the ATP- and pH-dependent channel gating (Cui et al., 2003). According to
the KirBac1.1 model (Fig. I-IV-1) (Kuo et al., 2003), Thr71 in the Kir6.2 channel is
located in the immediate vicinity of Cys166, which is remarkable as their close locations
at the interface of the TM1 and TM2 may allow an interaction between these two
membrane helices. Thus, the gating mechanism may be accessible for intervention by
manipulating their interaction. Therefore, we studied the effect of TM1-TM2 interaction
on Kir6.2 gating by placing opposite or identical charges at these two sites. Surprisingly,
we found that the gating process of the Kir6.2 channel was completely reversed with
opposite charges at these sites, making ATP an activator and proton an inhibitor to the
channel.
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Fig. I-IV-1. Relative locations of Thr71, Cys166 and Lys170. Amino acid sequence of Kir6.2 was
aligned with that of KirBac1.1 and a subunit with the first (M1, black arrow) and second (M2, blue
arrow) membrane helices displayed based on the crystal structure of the KirBac1.1 (Kuo et al.,
2003). Thr71 (red), Cys166 (green) and Lys170 (blue) in the Kir6.2 are shown in the locations of
Phe63, Leu144 and Arg148 in the KirBac1.1, respectively. The distance measured using the
RasMol (Version 2.6) is 4.7Å between Thr71 and Cys166, and 5.2Å between Thr71 and Lys170.
Also shown is Asp50 (purple) that was suggested to interact with Arg148 with a distance of 17.1
Å (Kuo et al., 2003). A-E. Side view of the TM1 and TM2 helices from one subunit with a 40˚
counter-clockwise rotation as seen extracellularly in each panel. Two lower panels are intra- (F)
and extracellular (G) views of the subunit. Other abbreviations: C, C-terminus; N, N-terminus; P,
pore loop,
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I-IV-2. Results

I-IV-2-a. Baseline properties
Experiments were performed on the Kir6.2 with 36 AAs truncated in the C
terminus, i.e., Kir6.2∆C36 and its mutant channels. We chose to use the Kir6.2∆C36 for
two reasons: 1) The Kir6.2∆C36 can be expressed without the SUR subunit that is known
to be involved in the channel gating (Tucker et al., 1997), and 2) like the wt channel, the
Kir6.2∆C36 is gated by ATP and pH (Wu et al., 2002b). A bath solution (KD90)
containing 90mM K+ was used to record whole-cell K+ currents in two-electrode voltage
clamp. These currents showed clear inward rectification with an amplitude of 2.1 ±
0.3µA (n = 14 measured at –160mV). They were inhibited by Ba++ and activated by azide
(Piao et al., 2001; Wu et al., 2002b). In contrast, oocytes that received an injection of the
expression vector alone did not express such inward rectifying currents. The small
currents recorded (0.1-0.4µA) were insensitive to Ba++ and azide.
The ATP sensitivity was studied in inside-out patches after the expression of
inward rectifying currents was identified in each cell. These patches were exposed to
symmetric concentrations of K+ (145mM) on both sides of the plasma membranes with
command potentials from -100mV to 100mV (-150mV to 150mV in some cells) applied
through the recording pipette. Under such a condition, the inward rectifying currents
showed a single channel conductance of ~75pS and were inhibited by ATP (K+ Salt) in a
concentration-dependent fashion. The IC50 was ~100µM.
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Table I-VI-1. List of all wild-type and mutant channels studied and their ATP and pH sensitivities
Name
Kir6.2∆C36
Kir6.2 + SUR1
Kir2.1

IC50 ATP (µM)

pKa

pHi effect (%)

BL Current (µA)

109±10 (9)

–

128.6±11.4 (16)

2.0±0.5 (16)

6±1 (5)

–

131.4±25.2 (5)

2.2±3.1 (5)

–

4.96±0.01 (6)

2.8±1.1 (6)

16.3±5.0 (6)

Kir6.2 mutant
T71E

740±73 (5)

–

44.0±11.1 (11)

20.4 ± 4.7 (11)

T71K

600±47 (5)

–

–13.9 ± 4.2 (12)

2.4 ± 0.3 (12)

C166E

2,500±188 (4)

–

17.1±6.7 (8)

18.1±1.5 (8)

C166K

NF

NF

NF

NF

C166S

–

–0.5±1.8 (6)

18.7±5.0 (6)

–

–78.9±5.2 (7)

13.4±2.8 (7)

–

–79.9±5.7 (4)

10.4±2.8 (4)

T71E/C166K

>10,000
EC50 829±125
(9)
EC50
6,500±1,323 (5)
NF

NF

NF

NF

T71D/C166K

NF

NF

NF

NF

T71E/C166R

NF

NF

NF

NF

T71K/C166E
T71R/C166E

T71E/C166K/K170T

NF

NF

NF

NF

T71D/C166S

361±18 (5)

–

–61.0±3.6 (6)

7.0±1.1 (6)

T71E/C166E

1,059±298(6)

–

765.2±93.4 (6)

3.5±0.5 (6)

T71D/C166E

–

NF

NF

–

–41.5±5.0 (11)

8.4±0.3 (11)

T71K/C166K/K170T

NF
EC50 2,080±462
(7)
>8,000 (5)

–

–17.3±4.1 (8)

14.8±2.5 (8)

T71E/C166E/K170T

NF

NF

NF

NF

M84K

–

6.84±0.02 (4)

–50.0±4.3 (14)

5.5±1.3 (14)

M84E

–

–

–4.9±5.5 (10)

18.2±3.9 (10)

A178E

–

–

23.1±15.9 (7)

3.7±1.0 (7)

M84E/A178E

–

7.14±0.05 (5)

263.3±36.7 (6)

1.8±0.2 (6)

M84K/A178E

NF

NF

NF

NF

M84D/A178S

NF

NF

NF

NF

T71K/C166K

Kir2.1 mutant

M84E/A178S

–

6.44±0.05 (4)

-14.0±2.4 (6)

10.7±2.3(6)

M84E/A178S/K182N

NF

NF

NF

NF

M84K/A178D

NF

NF

NF

NF

The ATP sensitivity was studied in excised patches and is expressed by fitting the data using the
Hill equation as shown in Fig. J-IV-2B. Hill coefficients are 0.9-1.2 (not shown) with n shown in the
parenthesis. The pH sensitivity was studied in whole-cell recording using 15% CO2 (pHi 6.6) and is
expressed as % change in the current amplitude. All Kir6.2 mutants were created with the Kir6.2∆C36.
Abbreviations: BL, whole-cell baseline, NF, nonfunctional. All the IC50, EC50 and pKa values were
obtained by Dr. Jianping Wu. Most pHi effects and baseline currents were obtained by Mr. Asheebo Rojas.
Mr. Yun Shi did the whole cell recording for T71R/C166E.
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The Kir6.2∆C36 channel was strongly activated during an exposure to 15% CO2,
and this level of CO2 causes intra- and extracellular acidifications (pHi 6.6, pHo 6.2) (Zhu
et al., 2000; Xu et al., 2000b), and augments the Kir6.2∆C36 currents by ~130% (Xu et
al., 2001a; Piao et al., 2001). We have previously shown that pHo has no effect on the
Kir6.2 channel, and the current augmentation is solely produced by intracellular
acidification (Xu et al., 2001a). To avoid the channel rundown which is constantly seen at
acidic pH levels in excised patches (Xu et al., 2001a; Wu et al., 2002b), all pH
experiments on the Kir6.2∆C36 and its mutant channels were performed in whole-cell
recordings using 15% CO2.

I-IV-2-b. Double mutations have drastic effects on both ATP and pH sensitivity.
Previous study shows that Cys166 is not susceptible to thiol-reactive agent (Trapp
et al., 1998b). We also failed when we attempt to test the interaction by mutating the
Thr71 to Cysteine and see whether it can form disulfide bond with Cys166.
Subsequently, the interaction between these residues was studied by introducing charged
AAs to replace Thr71 and Cys166.
Joint mutations of Thr71 to lysine and Cys166 to glutamate produced functional
currents that showed clear inward rectification in the absence of exogenous polyamines
with the single channel conductance of 74.4±1.3pS (n=8). The open state probability
(Po=0.099±0.023, n=6) was ~4 folds higher than the Kir6.2∆C36. Surprisingly, we found
that the T71K/C166E currents were no longer inhibited by ATP. Instead, the currents
were strongly augmented by intracellular ATP (Fig. I-IV-2A). The channel activity
increased by 181.0±9.2% (n=9) in the presence of 3mM ATP.
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Fig. I-IV-2. Effects of ATP and pH on Kir6.2∆C36 with T71K/C166E mutations. A. Microscopic
currents were recorded from a giant inside-out patch with 145mM K+ on both sides of the patch
membrane. Perfusates with different concentrations of ATP were applied to the intracellular
membrane for 1 minute. Ramp potentials from -150mV to 150mV are given at a holding potential
of 0mV. In contrast to the Kir6.2∆C36 (Xu et al., 2001b), the T71K/C166E currents were inhibited
by intracellular ATP in a concentration-dependent fashion. Note that eight superimposed traces
are shown in each panel. B. The dose-response curve is fitted with Hill equation modified from
Equation 3 (y=Im/(1+(EC50/[ATP])h), where [ATP] = ATP concentration; EC50 (1.1mM) = is the
ATP concentration for 50% current stimulation; h (0.9) = Hill coefficient; and Im = maximal current
activation. C. Whole-cell currents were studied in voltage clamp in an oocyte. The T71K/C166E
currents were strongly inhibited by intracellular acidification produced with an exposure to 15%
CO2 (pHi 6.6) for 6 min. The ATP responses in panel A. and B. were obtained by Dr. Jianping Wu.
The CO2 sensitivity of the channel was tested by Mr. Asheebo Rojas.
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The dose-response relationship showed the EC50 concentration of ATP to be ~800µM
(Fig. I-IV-2B). This channel activation is not produced by protein phosphorylation as the
non-hydrolysable ATP analog 5’-adenylyl β,γ-imidodiphosphate (AMP-PNP, 3mM) had
a similar effect (202.5±12.9%, n=4; P>0.05). Thus, these mutations make ATP an
activator of the Kir6.2∆C36 channel.
Consistent with ATP, the pH effect on whole-cell T71K/C166E currents was also
completely reversed. The baseline T71K/C166E currents were much larger (13.4±2.8µA,
n=7) than the Kir6.2∆C36 (2.0±0.5µA, n=16). These currents were strongly inhibited
when the cells were exposed to 15% CO2 (Fig. I-IV-2C). The inhibition took place within
1min, reached a plateau in 3-4 min, and was fully reversible with washout (Fig. I-IV-2C).
Repetitive exposures to CO2 had the same effect. Similar reversal of the ATP and pH
sensitivities was observed in the T71R/C166E mutant (Fig. I-IV-3A,C,D; Table I-IV-1),
suggesting that the effects are likely to be produced by the electrostatic interaction
between these two sites.
When these residues were mutated to alternative sets of opposite charged AAs
(T71E/C166K, T71D/C166K, and T71E/C166R), none of the mutant channels expressed
detectable currents. However, the T71D/C166S mutant produced inward rectifying
currents, in which a reversal of the pH but not ATP sensitivity was observed (Fig. I-IV3E,F). Since such a reversal of ATP and pH sensitivities was not seen in individual
mutation of either Thr71 or Cys166 (Table I-IV-1), these results suggest that the
manipulation of these two residues may have restructured the gating mechanism.
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Fig. I-IV-3. Responses of several Kir6.2∆C36 mutants to ATP and acidic pH. Channel responses to
pH and ATP were studied as in Fig. I-IV-2A,C. A, B. The Kir6.2∆C36 channel was stimulated by
hypercapnic acidosis and inhibited by 3mM ATP. C, D. The T71R/C166E was inhibited by acid
pH, and modestly stimulated by 3mM ATP. E, F. The pH but not ATP sensitivity was reversed in
the T71D/C166S mutant. G, H. The T71E/C166E currents were strongly augmented by low pH,
and inhibited by ATP. I, J. The pH and ATP sensitivities were both reversed in the T71K/C166K.
K, L. By adding a third mutation, the T71K/C166K/K170T was inhibited by both ATP and acidic
pH. Note that all records for the ATP sensitivity are shown with eight superimposed traces. The
CO2 sensitivity of these channels was tested by Mr. Asheebo Rojas, and the ATP sensitivity of
these channels was tested by Dr. Jianping Wu. Mr. Yun Shi did the whole cell recording for
T71R/C166E.
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Fig. I-IV-4. ATP and pH sensitivities of Kir6.2∆C36 mutants. A. Dose-response relationship of
Kir6.2∆C36 mutants was studied using the equation 3 (see method). Whereas most mutant
channels remained to be inhibited by intracellular ATP, T71K/C166E, T71R/C166E and
T71K/C166K were augmented. See Table I-IV-1 for the IC50 and EC50. The h = 0.9 – 1.2; n
(number of patches) = 4 – 9. B. The pH sensitivity was studied using 15% CO2 as shown in Fig. IIV-2C. The T71K/C166E, T71R/C166E T71D/C166S and T71K/C166K were markedly inhibited at
pHi 6.6. In contrast, the T71E/C166E was strongly stimulated at this pH level. The CO2 sensitivity
of these channels was tested by Mr. Asheebo Rojas, and the ATP sensitivity of these channels
was tested by Dr. Jianping Wu.
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To create a repulsive force between these two sites, both Thr71 and Cys166 were
mutated to identically charged residues. The T71E/C166E mutant expressed inward
rectifying currents. This mutant was inhibited by ATP and stimulated by hypercapnic
acidosis (Fig. I-IV-3G,H). Although its ATP sensitivity was lower than the wt channel,
the stimulatory effect of pH was much greater (Table I-IV-1; Fig. I-IV-4B). With two
positive charges at these locations, the T71K/C166K was inhibited by proton and
stimulated by ATP, a phenotype that is more like the T71K/C166E than the T71E/C166E
(Figs. I-IV-3I,J; I-IV-4A,B). According to the KirBac1.1 model (Fig. I-IV-1) ( Kuo et al.,
2003), there is an basic residue (Lys170) at the surrounding area of Thr71 and Cys166.
Since the Lys170 is situated at just one helical turn below Cys166 and also faces Thr71, it
is possible that the Lys170 is also involved in the newly created electrostatic interactions
between the TM1 and TM2 residues. Thus, we additionally mutated the Lys170 to a
neutral threonine. The inhibitory effect of pH on the T71K/C166K/K170T was
significantly smaller (–17.3±4.1%, n=8) than the T71K/C166K (–41.5±5.0%, n=11;
P<0.01) (Fig. I-IV-3K,L). More importantly, the T71K/C166K/K170T was inhibited, but
not stimulated, by ATP (Fig. I-IV-4A; Table I-IV-1), further suggesting that the opening
and closure of the Kir6.2 channel can be predetermined by strengthening or weakening
the interaction of the TM1 with TM2 helices. In this study, mutant channels were
identified by their conductance in excised patches.

I-IV-2-c. Similar effects were also observed in the Kir2.1 channel.
To elucidate whether the electrostatic interactions at these two locations affect the gating
process of other Kir channels, we performed similar studies on the Kir2.1 channel known
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to be insensitive to pH (Fakler et al., 1996; Zhu et al., 1999; Qu et al., 2000) (Fig. I-IV5A). With identical charges at sites corresponding to Thr71 and Cys166 in Kir6.2, the
M84E/A178E was strongly stimulated by acidic pH (Fig. I-IV-5B), consistent with the
T71E/C166E mutant in Kir6.2. Although the M84K/A178E and M84E/A178K mutations
did not yield functional channels, the M84E/A178S expressed inward rectifying currents.
Exposure to hypercapnic acidosis caused inhibition of the M84E/A178S mutant (Fig. IIV-5C). The pH-current relationship was studied using inside-out patches. The doseresponse curves of these two mutants were exactly opposite to each other (Fig. I-IV-6).
Thus, the gating mechanism in the Kir2.1 channel can also be rearranged by the
electrostatic interactions at these two sites.
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Fig. I-IV-5. The effect of acidic pH on Kir2.1 mutants. Intracellular acidification was produced
using 15% CO2 and channel response was studied as in Fig. I-IV-2C. A. The wt Kir2.1 channel
was unaffected by 15% CO2. B. The M84E/A178E mutant had small baseline currents. This
channel was strongly augmented by 15% CO2. C. In contrast, the M84E/A178S mutant was
inhibited. The whole cell recordings were performed by Mr. Asheebo Rojas.
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Fig. I-IV-6. The pH sensitivity of Kir2.1 mutants studied in inside-out patches. A. the Kir2.1M84E/A178E currents were rather small at pH 7.9. Reduction of pH levels in the internal solution
produced graded augmentation of the Kir2.1-M84E/A178E currents. The maximal channel
activation is reached at pH 6.8. The currents started being inhibited at pH 6.4. B. The Kir2.1M84E/A178S mutant showed rather large currents at baseline (pH 7.4), and was inhibited with
graded reductions in pH. C. The dose-response relationship of these two mutants was expressed
using the Hill equation. The Kir2.1-M84E/A178E currents were half activated at pH 7.14 (n=5),
and the Kir2.1-M84E/A178S was half inhibited at pH 6.40 (n=4). Dr. Jianping Wu conducted the
patch-clamp recordings.
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I-IV-3. Discussion
Recent studies suggest that membrane helices may play a more active role in the
channel gating. The opening and closure of the two-pore chloride channel, gap junction
channels, and the influenza virus TM2 proton channel are determined by the side-chain
movement of a few pore-lining residues (Bennett et al., 1991; Tang et al., 2002; Dutzler
et al., 2003). The gating of the MscL channel involves concerted movements of
membrane helices and the side-group of two phenylalanine residues in the S1 domain
(Sukharev et al., 2001). It is known that the membrane helices of the ligand-gated and
also may be the voltage-gated channels change their conformations during gating (Kuo et
al., 2003; Yellen et al., 2002). TM1 and TM2 helices undergo a counter-clock wise
rotation after ligand binding. The narrowest part of the TM2 is widened. The opening of
the channels allows certain ions and organic molecules to access the inner cavity
(Armstrong et al., 1966; Liu et al., 1997; del Camino et al., 2000; Enkvetchakul et al.,
2001; Flynn et al., 2001; Shin et al., 2001; Jin et al., 2002; Phillips et al., 2003; Perozo et
al., 1999). Our current studies present another novel finding that the gating mechanism is
not fixed in Kir channels but can indeed be reset by manipulating electrostatic interaction
between the TM1 and TM2.
Based on the KirBac1.1 model (Kuo et al., 2003), the TM1 crosses the TM2 at the
inner pore region, where Thr71 and Cys166 are found in the Kir6.2 channel. Our results
clearly show that electrostatic forces introduced between these two sites dramatically
affect the channel gating, suggesting that the TM1 and TM2 helices in Kir6.2 channels do
not act independently. In contrast they appear to interact with each other, determining the
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consequence of ligand binding. It is likely that the electrostatic interaction causes a
change in the relative distance of the TMs and perhaps their membrane position as well.
Such a change may assign a new conformation to the gating assembly affecting its
operation by ligand binding. We believe that the Kir6.2 channel gating by ATP and
proton depends on specific movements of the TM2 and TM1, including rotation, antiparallel sliding and lateral movement (del Camino et al., 2000; Jin et al., 2002; Dutzler et
al., 2003; Perozo et al., 1999; Johnson et al., 2001; Schulte et al., 2001; Jiang et al.,
2002b). Such conformational changes are interfered or disrupted with the additional
electrostatic forces between the membrane helices. The T71K/C166E and T71R/C166E
mutations switch the movement to the opposite direction and reverse the gating process.
With the T71E/C166E mutation, the helical movements are slightly altered, so that the
mutant still responds to ATP and pH similarly to the wt channel. This phenomenon is not
only limited to the Kir6.2 channel, as we have observed channel activation and inhibition
by acidic pH in the Kir2.1 channel by similar manipulations of corresponding residues. It
is noting that the close location of Thr71 to Cys166 is predicted with the KcsA and
KirBac1.1 models. Their relative locations may be different in the open stat since both
these channels were crystallized in their closed state.
It is possible that Kir channel gating involves multiple interactions between TM1
and TM2 residues, as there is evidence showing that specific protein domains and AA
residues in the membrane helices are required for channel gating. Not only one AA
mutations can produce effects from modest reduction to complete loss of the gating as
shown in the channel sensitivity to intracellular ligand molecules (Enkvetchakul et al.,
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2001; Trapp et al., 1998a; Piao et al., 2001; Cui et al., 2003; Wu et al., 2004). Since both
TM1 and TM2 undergo rotation during channel gating (Perozo et al., 1999), one residue
may face and interact with different AAs on the other TM domain. In our study, the
Lys170 close to the Cys166 at just one helical turn below is also involved in the
electrostatic interaction, as the T71K/C166K/K170T is gated differently from the
T71K/C166K. With three positive charges, the T71K/C166K mutant behaves more like
the T71K/C166E. How this occurs is unclear. The interaction may involve residues
beyond these three AAs, which we can not answer concerning difficulties to explore all
potential interactions. We believe that the Thr71 plays a key role in the multiple
interactions because most mutants with a lysine at this position respond to ATP and pH
similarly. However, the dominant effect of Thr71 should not compromise the
contribution of Cys166 to the channel gating, as the gating of T71K mutant is not totally
reversed. The channel inhibition by acidic pH is unlikely to be produced by titration of
the newly created lysine residue, because the T71K/C166E and T71D/C166S are gated
similarly by pH, and because the ATP sensitivity is also reversed. Although there are still
unexplained phenomena, our studies have shown for the first time that the TM1 and TM2
helices can interact with each other, and the Kir channel gating can be intervened with
their interaction at the inner pore region.
Beyond the consistency with previous findings that both membrane helices
participate in channel gating, our results strongly suggest that the membrane helices are
not simply followers of the intracellular ligand-binding domains whose conformation
ultimately governs the position and movement of the membrane helices as shown in the
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bacterial MthK channel (Jiang et al. 2002b). These helices in the mammalian Kir6.2
channel seem to be sufficient to determine the channel opening or closure following
binding to the same ligand, depending on how they interact with each other in their local
environment.
In conclusions, the Kir6.2 gating involves Thr71 in the TM1 and Cys166 in TM2.
Creation of electrostatic attraction at these sites completely reverses the channel gating by
ATP and proton. Similar results were observed in the pH-dependent gating of the Kir2.1
channel. Thus, the membrane helices do not seem to act as followers of the C terminus in
these mammalian K+ channels, and they instead may determine whether these channels
are open or closed following ligand binding to the channel protein.
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I-IV-4. Summary and Conclusions
The KATP channels couple chemical signals to cellular activity, in which
controlling channel opening and closure (i.e., channel gating) is crucial. Transmembrane
helices play an important role in channel gating. Here we report that the gating of Kir6.2,
the core subunit of pancreatic and cardiac KATP channels, can be switched by
manipulating the interaction between two residues at the TM1 and TM2 helices. The
Kir6.2 channel is gated by ATP and proton which inhibits and activates the channel,
respectively. The channel gating involves two residues, i.e., Thr71 and Cys166 located at
the interface of the TM1 and TM2. Creation of electrostatic attraction between these sites
reverses the channel gating, which makes the ATP an activator and proton an inhibitor of
the channel. Electrostatic repulsion with two acidic residues retains or even enhances the
wild-type channel gating. A similar switch of the pH-dependent channel gating was
observed in the Kir2.1 channel which is normally pH-insensitive. Thus, how the TM1 and
TM2 helices interact appears to determine whether the channels are open or closed
following ligand binding.
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J. GENERAL DISCUSSION
The present study was focused on one of the central mechanisms for the control of
ion channel activity, i.e., channel gating. Several novel findings have been made. Using
asymmetric Kir channel constructs, I were able to gain insight into how individual
subunits work in highly organized gating movements. These special constructs allow me
to separate ligand binding from channel gating, dissect pathways for coupling ligand
binding to the gating, and reveal actions of each subunit in ligand binding and channel
gating. Evidence for subunit coordination and cooperativity was shown. By manipulating
the interaction of two gating sites located at the interface of the two transmembrane
domains of Kir6.2 channel, I found that the opening and closure of Kir6.2 channels can
be determined by the transmembrane helixes following binding to the same ligand
molecules.

J-I.

Ligand binding versus channel gating
Although ligand binding is conceptually distinct from channel gating, their effects

are always intertwined. This problem is not limited to functional studies but also seen in
protein chemistry. On one hand, a conformational change caused by ligand binding has to
be coupled to the corresponding conformational change in channel gating to produce
biological effects. On the other hand, the conformational change in channel gating may in
turn affect the binding affinity for the ligand. Therefore, information obtained from
mutational studies in terms of ligand sensitivity can only tell whether the site studied is
necessary for the multi-event signal transduction and amplification. Any further
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interpretations regarding binding, gating and coupling require great caution. The most
effective way to differentiate ligand binding from gating, at present, is to test channel
sensitivities to multiple ligands. A site is likely to be involved in gating if its disruption
affects multiple ligand sensitivities. Otherwise, it probably takes part in ligand binding if
it is required for a specific ligand. However, such an approach is not always feasible
since the ligand binding sites are not always independent. Allosteric effects among
different ligand binding sites may make interpretation more complicated. Thus these sites
are only demonstrated in a few ion channels. In my dissertation study, I have tackled the
binding vs. gating problem with an alternative approach based on ideas from studies of
ligand-receptor interactions combined with the well defined ligand binding and channel
gating sites.
It is known that the most characteristic difference between full and a partial
agonists is their binding specificity. The partial agonist has less binding specificity
because the efficacy and potency in the dose-response curves are both compromised
(Pliska, 1999). Similarly, disruption of ligand binding in a receptor tends to impair both
efficacy and potency. Using several asymmetric constructs, we have found that
disruptions in ATP binding indeed affect efficacy and potency, whereas disruptions of
gating sites affect the baseline activities but not the maximum channel inhibition by ATP.
The difference between ligand binding and channel gating is likely to be general, and
may exist in other ion channels. Therefore, such characteristic changes can be used to
identify unknown channel structures based on their effects on ligand binding or channel
gating. These characteristics identified in the current study may also benefit the discovery
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of new medicines targeting at ion channels. An approach to specifically target ligand
binding or channel gating mechanisms based on a better understanding of drug-channel
interaction and their effect patterns on potency and efficacy should significantly advance
the drug discovery and design.

J-II.

Coupling between ligand binding and channel gating
Channel activity is controlled by intermediate coupling mechanisms in addition to

ligand binding and channel gating. Binding-gating coupling may rely on a series of
conformational changes that convey ligand binding to the gating movement. Also ligand
binding should be able to propagate to the gate not only in the same subunit but also in
neighboring subunits. This is evidenced by the gating of asymmetric nicotinic Ach
receptors in which ligand binding to two subunits leads to synergetic movements of all
five subunits for channel gating. Similarly, the intersubunit (trans) binding-gating
coupling is shown in these studies, as the homomeric Kir1.1 channel with two functional
subunits is well gated by intracellular protons. Our single channel analysis on this
channel suggests that all four subunits are involved in pH-dependent gating. More direct
evidence is shown in the study of Kir6.2 channel gating by intracellular ATP. With
selective blockage of the intra- (cis) or intersubunit (trans) coupling, our results indicate
that functional gating can be produced with either trans or cis coupling alone, although
cis coupling is more efficient. Trans coupling is necessary since channel with only a

single cis coupling is not gated by ATP. In contrast, a single ligand binding site can fulfill
the channel gating mechanism. Therefore, the gating movement of one subunit is
inadequate for gating the whole channel. With both trans or cis couplings, the channel
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can recruit other subunits for the gating movement after one subunit is activated by ligand
binding. Such a mechanism may be related to subunit coordination and cooperativity and
is important for the detection of low levels of ligands.
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subunit, the ATP-dependent channel gating is initiated with ATP (A) binding to its
binding site (R), and the binding affinity is determined by KA. With ligand binding, the
channel forms a ligand-receptor complex (AR) that triggers the first step of
conformational change with signal amplification (AR*). The amplification rate is
determined by τΑ. The conformational change needs to be coupled to the physical gate in
the same subunit in which another conformational change (GAR*) controlled by τC
occurs, and eventually causes channel closure (cis coupling). Since the binding-couplinggating is carried out by a series of conformational changes, disruption of an intermediate
step in the coupling pathways, such as C166S and T71Y mutations, can compromise the
magnitude of the conformational change, leading to the change in the working range of
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the channel activity. The correct conformational change of the intermediate step is
necessary for the successive step of conformational change, and can in turn affect the
conformation produced in the previous step. Thus τC controls the working range and
determines the efficiency of coupling. The conformational change in one subunit can also
be coupled to an adjacent subunit through inter-subunit interaction (trans coupling), and
this coupling pathway controlled by τC‘ also contributes to the coupling efficiency. Since
KC is a function of KA and τΑwith a undefined relationship, the IC50 value of a construct
therefore is determined by KA, τΑ and τC. With an intact coupling mechanism (assuming
the coupling efficiency is 100%), the IC50 of K185E tetramers is determined by the KA
and τΑ. With disruption of coupling pathways, τC and KC become larger leading to an
increase in the IC50. The bottom level of the model refers to the spontaneous channel
activation.

J-III. Subunit coordination
One evolutionary advantage of the multimeric design is that channel activity can be
controlled by a subtle movement of each individual subunit (Doyle, 2004). Such a design
would also represent a challenge to the control of channel activity if all subunits were
allowed to act independently. Ligand binding is a dynamic process with a fast transition
between association and dissociation states. It is almost impossible to achieve binding or
dissociation of every subunit at the same time. If the action of every subunit in an ion
channel were entirely independent, the channel pore would always stay at sub-conduction
levels with certain subunits out of position most the time. This would dramatically reduce
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ligand sensitivity, slow down the response time to ligand binding, and compromise
working efficiency. Fortunately, independent activity is rare in normal conditions, and
there are mechanisms for synchronizing the movement of individual subunits to full
opening or closure. Supporting the existence of such a subunit coordination mechanism
are previous stoichiometry studies on HCN and CNG channels showing that two subunits
in a tetrameric channel are coordinated as a functional dimer (Liu et al., 1998; Ulens and
Siegelbaum, 2003). Structural evidence for subunit dimerization has also been found in
protein chemistry studies in which proteins purified in the presence or absence of ligands
have different sizes (Clayton et al., 2004). The present study provides additional evidence
for subunit coordination as functional dimers, regarding substates of conductance of
Kir1.1 channel and the repetitive patterns of IC50 changes with the recruitment of
functional subunits in the Kir6.2 channel. Subunit coordination seems to be able to
improve greatly the gating efficiency of Kir channels by stabilizing the channels at full
open and closed states.
Since channel gating is a dynamic process with a fast transition between different
opening and closure states, it is reasonable to think that dimers between two single
subunits are also dynamic rather than fixed. The homomeric channels such as the Kir1.1
and Kir6.2 channels have four exactly identical subunits with each of them possessing a
set of gating machinery. We have found that the chances for coordination of functional
dimers appear to be the same among four subunits, and the cis and trans configurations of
Kir1.1 channels have the same pH and CO2 sensitivity, single channel kinetic, long time
closure and substates of conductance. This phenomenon can only be explained by
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assuming that four subunits act as two dynamic dimers. Otherwise two wt subunits at cis
and trans positions would not produce these same effects no of matter the dimers were
fixed between two adjacent or diagonal subunits.
Based on the Kir1.1 studies, we propose a model of dynamic functional dimers
(DFD) to explain how the Kir1.1 subunits may be coordinated in channel gating (Scheme
2). In this model, we assume that subunit interaction is not fixed but takes place as a
short-lasting and dynamic event. DFDs are
N

η
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0

0

0

assumed to form between a wt subunit (open
circle) and another subunit (wt or K80Mmutant, solid circle) in either cis or trans
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the maximal likelihood for dimer formation is 6 in a tetramer, the possibility of subunit
pairing (η) is 3/6 or 0.5 in the wt-3K80M, leading to one DFD at any given time. In the
trans and cis 2wt-2K80Ms, there are 5 potential dimeric interactions, resulting in η =

0.833 (i.e., 5/6) or 1 ⅔ DFDs. When there are 3 or 4 wt subunits in a tetrameric channel
(3wt-K80M, 4wt), two DFDs can be seen at any time, i.e. η = 1. Generally, η values and
the number of DFDs are calculated for all tandem tetramers. Column #1, tandem
tetramers; Column 2, number (N) of all potential dimeric interactions in a tetramer.
Column 3, η = N / M; Column 4, dynamic functional dimer DFD = η • 2.
Most of findings from our Kir1.1 studies are consistent with those predicted by
the model of DFDs. Moreover, the model can also explain some phenomena found in wt
Kir1.1 channels such as the substate conductance. 1) The wt channel openings and
closures seen during acidosis may require two functional dimers, and are also found in
the 3wt-K80M, trans 2wt-2K80M and cis 2wt-2K80M that all have two DFDs most the
time. 2) It is likely that occasional desynchronization of the dimers in the wt channel
rather than the freedom of individual subunits leads to the single substate conductance
with amplitude of ~40% full conductance. The same substate conductance is also seen in
the 3wt-K80M, trans 2wt-2K80M and cis 2wt-2K80M because they all have two DFDs.
3) There is no dimer formation and all subunits act independently in the 4K80M, leading
to smaller and identical substate conductances, while one of the sublevels of
conductances is eliminated following the formation of one DFD in the wt-3K80M. 4) The
IC50 of H+ concentrations increases by 0.86 µM with recruitment of the first wt subunit,
which is half of total 1.66 µM changes in IC50 produced by four wt subunits, consistent
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with the changes in η and DFD in these tetramers (Scheme 2). 5) Because of their
identical η (0.833) and DFDs (1.67), both trans and cis 2wt-2K80Ms are identical in
terms of the pH sensitivity and single-channel properties. 6) Although both 3wt-K80M
and 4wt have the same η value, all DFDs in the 4wt consist of wt subunits and have
slightly more effect than those in the 3wt-K80M, suggesting that the wt dimer is more
effective than the wt-mutant. Interestingly, the model predicts identical effect of the cis
and trans 2wt-2K80M, which is consistent with our experimental data and makes a clear
contrast to the functional dimers proposed for the CNG and HCN channels (Liu et al.,
1998; Ulens and Siegelbaum, 2003). With the dynamic functional dimers, subunits tend
to be recruited in pairs to achieve better coordination and greater effect on channel gating
than when activated individually. More importantly, wild types of channel closure,
substates of conductance and pH sensitivity may be largely maintained when one or two
of the subunits are disrupted.

J-IV. Subunit cooperativity
Subunit cooperativity serves as another mechanism to improve the working
efficiency of ion channels with ligand binding. The presence of specific ligands is
detected by the binding sites when ligand-channel complex is formed. Information about
the quantity of ligands is encoded by the number of subunits with ligand binding and the
number of channels being activated. The signal of ligand binding is augmented during
propagation along the coupling pathways. Since the channels are composed of multiple
subunits, the gating transition depends on the time of not only individual but also all
subunits as a whole to be switched to and maintained in one state. One mechanism to
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affect the speed of the gating transition and the state maintenance is the cooperativity
among subunits. It is known that binding of ligands to one subunit can affect the binding
affinity of another subunit to the same ligand. Positive cooperativity occurs when the
binding affinity of the second subunit is augmented, while negative cooperativity exists
occurs when binding affinity of the second subunit is reduced. As a result, the whole
channel tends to stay in one special state rather than another.
Cooperativity has been well studied in receptors and enzymes with three theories
developed (Hodgkin and Huxley, 1952; Monod et al., 1965; Koshland et al., 1966). These
theories have been applied to the studies of ion channels to describe the ligand channel
interaction. In the present study, we have used the theories to describe the gating
transitions after ligand binding (Liu et al., 1998; Ulens and Siegelbaum, 2003).
Activation of one subunit after ligand binding may alter the free energy required for the
gating transition of the second subunit and make its gating transition faster and earlier,
consistent with positive coorperativity. Accordingly, we have found positive
cooperativity in the pH- and ATP-dependent channel gating of Kir6.2 channel. The
results from pH-dependent channel gating indicate a double amplification in both proton
binding and channel gating. These are consistent with the high h values found in the Kir
channel titration curves. In contrast, ATP-dependent gating shows negative cooperativity
in ligand binding and positive cooperativity in channel gating. Although this phenomenon
has not been reported in any other channel, the total effect appears to be no cooperativity
as revealed by the low Hill coefficient previously observed in KATP channels. Is it
possible that such contradictory effects lead to a waste of energy and represents no
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evolutionary advantage? We do not believe so. Since ATP is a major regulator of the
KATP channel, and since the channel is crucial in regulating insulin secretion, cardiac and
skeleton muscle contraction and vascular tone, detection of intracellular ATP levels in a
wide range may be important for cell survival. The negative cooperativity in ligand
binding and positive cooperativity in channel gating may extend the range of its
responses to ATP according to the shallow slope of the dose-response curve. This
mechanism may allow the cell to respond to the changes in ATP levels even if the level
becomes too high or low under extreme conditions.
The subunit cooperativity of the same channel can vary greatly in response to
different ligands. In the Kir6.2 channel, positive cooperativity is revealed for proton
binding, while negative cooperativity occurs for ATP binding. No cooperativity is
suggested for PIP2 binding to the Kir6.2 channel (MacGregor et al., 2002). With different
cooperativity for each specific ligand, the slope of the dose-response curves for the
ligands differs, allowing channels to respond to the ligands differently. Therefore,
whether a response is needed to cover a wide range of concentrations or to detect certain
concentrations of the ligands with high sensitivity can be determined.

J-V.

Minimum number of functional subunits required for ligand binding and

channel gating
Subunit coordination and intersubunit binding-gating coupling allow recruitment of
multiple subunits in channel gating when one subunit is activated by ligand. Therefore
not all subunits need to bind to a ligand to activate the channel. Then what is the
minimum requirement of such subunits in Kir channel gating? The present study has
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provided several pieces of evidence to answer this question. First, ligand-dependent
gating of these channels can be initiated with one ligand binding. Second, the Kir1.1 and
Kir6.2 channels with one subunit carrying proton binding site retain their pH sensitivity
to a significant degree. Third, most of the ATP sensitivity is retained by the Kir6.2
channel when the channel has only one ATP binding sites. Finally, single channel
properties of the Kir1.1 channel show that multiple subunits are recruited by the binding
of a single ligand. Since a subunit may produce only limited conformational changes for
channel gating, an amplification mechanism seems to exist to spread the information of
ligand binding to other subunits. The subunit coordination and intersubunit bindinggating coupling may be parts of the amplification system. Due to the amplification
system a single subunit is sufficient for ligand gating, however, all four subunits are still
needed for maximal pH-dependent gating of the Kir6.2 and Kir1.1 channel as shown in
the present study. For ATP-dependent Kir6.2 channel gating, three intact subunits can
provide the full ATP sensitivity, which may be due to negative cooperativity in ATP
binding. The requirement for some but not all subunits to elicit the channel gating may
allow the channels to perform their functions when mutations or other functional
disruptions occur in some subunits.
The ability of channel gating to tolerate mutations in some subunits makes the
TM2 helix bundle of crossing or inner gate clearly distinct from the selectivity filter. The
selectivity filter is such a delicate device for ion selectivity that a single mutation of one
of the K+ signature residues will completely distort ion cages formed by pore-lining
residues and disable the channel. In the inner helix, defective sites may be tolerated,
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allowing some degree of gating transitions between open and closed states. The tolerance
of defective residues in subunit activation is most likely to due to subunit coordination
and intersubunit binding-gating coupling, which are carried out by more than one pair of
interactions as shown in previous reports (Tsuboi et al., 2004). These interactions are
critical for recruiting the neighboring subunits with defects, and sometimes may even
determine the gating movement after ligand binding.

J-VI. Determinants of channel gating after specific ligand binding
The present study suggests that interactions between transmembrane helices are
more important than just an executer of the gating movement following ligand binding. It
is known that different channel species respond to a ligand differently, which has been
explained to be a result of the ligand binding domain and coupling mechanism but not the
transmembrane helical gating mechanism. As described above, the inner part of the
transmembrane helices in the Kir channels plays an important role in channel gating. A
few residues critical for channel gating have been identified in this region, a single
mutation of which causes complete elimination of the channel gating, such as Thr71,
Cys166, Thr171, etc. in the Kir6.2 channel (Cui et al., 2003; Trapp et al., 1998a; Drain et
al., 2004). This as well as the close location of some of them leads us to believe that the
gating mechanism is accessible by manipulating their relative distance or positions. Thus
we performed studies to test this hypothesis. Our results clearly show that the Kir6.2
channel gating can be set and reset depending on how the inner transmembrane helices
interact with each other. By setting the switch to a special position, the response of a
channel to the same ligand can be different from another channel. Therefore, the inner
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helix bundle of crossing appears not only to serve as a gate but also determine the
consequence of ligand binding. The results are not only a surprise but also have major
implications for understanding ion channel gating. Since the helix bundle of crossing is
evolutionarily conserved among a number of ion channels, such a mechanism may also
exist in other channels.
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K. CONCLUSIONS
In this dissertation, I have systematically studied several critical events occurring
in ligand-dependent Kir channel gating. Several novel findings have been made. Some of
the results constitute strong evidence for several decade-long open questions such as what
is the measurable difference of the ligand binding from channel gating; how ligand
binding is coupled to channel gating; and whether the inner helices have a more
instrumental role in channel gating than an executer of ligand binding. Technically, these
studies have demonstrated the feasibility of understanding ion channels using certain
asymmetric preparations and preparations that allow an access to multiple protein
domains based on all known crystallographic information. The information obtained
should also have impact on the understanding of mis- or dysregulation of ion channels in
certain channelopathies and the design of more specific medicines in targeting ligand
binding, channel gating or their coupling.
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